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ABSTRACT 
 
Three efficient methods for synthesis of five membered carbocycles, a highly understudied product 
motif in samarium(II) chemistry, were explored and optimized. These methods utilized simple starting 
materials to generate linear substrates with functional groups that are reactive towards samarium(II) iodide. 
The three methods explored were the Reformatsky-aldol, Reformatsky-alkylation, and pinacol cyclizations. 
The critical discovery for efficient formation of the Reformatsky-aldol and pinacol carbocycles products was 
the use of lithium bromide. This addition of lithium bromide facilitates easy in situ formation of samarium(II) 
bromide. The Reformatsky-alkylation cyclization was a newly realized reaction employing samarium 
enolates. Two of the three methods, the Reformatsky-aldol and pinacol, generated carbocycles with multiple 
functional groups attached. These reactions were able to proceed with exceptional diastereoselectivity. In 
addition to the new methods for five membered, a lead results towards asymmetric samarium (II) 
Reformatsky-aldol cyclization was explored. This provided the product with modest enantiomeric excess. 
The mechanism of the alkylation reaction was studied with the use of spin trapped products and 
electron paramagnetic resonance spectroscopy (EPR). By analyzing the spectra of the resulting spin trapped 
products the initial site of reduction being the carbon-bromine bond was supported. This was supported by 
simulated spectra of the spin trapped experiments and by performing the spin trapping experiments on an 
alpha-deuterated substrate. This substrate was synthesized by performing a hydrogen-deuterium exchange 
experiment. 
Another divalent samarium reagent, allylsamarium bromide, was studied in reactions with isatin and 
isatin derivatives. The samarium reagent has both nucleophilic and reductive properties. Substituted isatins 
were able to be allylated at the three-position forming 3-allyl oxindoles. In addition, two isatin derivatives, 
oxindole and isatoic anhydrides, were reacted with allylsamarium bromide. The reaction of substituted 
oxindoles yielded allylated indoles and indolines. Whereas, the reaction of substituted isatoic anhydrides 
 iii 
yielded the double allylated and ring opened product. All of these compounds provided privileged scaffolds 
and/or compounds bearing multiple functional groups.  
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CHAPTER ONE: SAMARIUM AND SAMARIUM REAGENTS 
Introduction 
Manipulations of functional groups by means of reductive processes and reagents constitutes one of 
the major classes of transformations in organic chemistry.  Reduced functional groups can be used to promote 
reactions and bond formations. Of these bond formations, reductive transformations that promote carbon-
carbon bond formation are of great importance. Reduction of a functional group to form a carbon nucleophile 
or radical generates a reactive species for bond formation. The formation of a carbon nucleophile generated 
from a metal reduction of a functional group was pioneered by Barbier1, Scheme 1, and Reformatsky2, 
Scheme 2.  
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Scheme 1: Barbier reaction of a ketone with an alkyl iodide in the presence of magnesium metal 
 
Barbier found that a ketone and alkyl iodide dissolved in diethyl ether (Et2O) yielded an alcohol 
when reacted with magnesium (Mg0). This reaction is thought to start with reduction of the carbon iodide 
bond to generate the reactive carbon nucleophile. Reaction with the electrophilic carbon of the ketone creates 
the new carbon-carbon bond.  
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Scheme 2: Reformatsky reaction of a α-bromoester with a ketone in the presence of zinc metal 
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Reformatsky developed a similar reaction where the carbon nucleophile was generated by the 
reduction of a α-halo ester by zinc metal (Zn0) to form a zinc enolate. Nucleophilic addition of this enolate 
to a ketone formed a new carbon-carbon bond.  
The Barbier and Reformatsky reactions are thought to begin with single electron transfer (SET) to 
the carbon halogen bond. From there a second SET to the carbon radical forms the carbon anion. This anion 
is stabilized by the metal cation in a Barbier reaction, or by the formation of the metal enolate in a 
Reformatsky reaction.  
Another reaction that is mediated by SET of a metal to a functional group is the pinacol reaction, 
Scheme 3.3 In this reaction two ketones are reduced by a metal and then couple together to form a diol, 
creating a new carbon-carbon bond. This proceeds via the formation of reactive ketyl radical anions.  
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Scheme 3: Pinacol coupling of two ketones in the presence of a metal reductant 
 
Multiple metals promote the above reactions, Barbier, Reformatsky, and pinacol. Some of these 
metals are Mg0, Li0, Zn0, Ti3+, and Sm2+. These can undergo a SET to functional groups to promote carbon-
carbon bond formation. Of these, none are more versatile than Sm2+. The preferred oxidation state for 
samarium is the trivalent. Divalent samarium is easily accessed as SmI2.  
 
Samarium 
Samarium is element number 62 in the periodic table and belongs to the lanthanide series of 
elements. The name originates from the mineral samarskit. The name of samarskite in turn, comes from 
Colonel V. E. Samarsky, the name of a Russian mine official. Sources of samarium come from lanthanide 
ores. These ores are monazite, bastnӓesite, and xenotime.  
Samarium has two stable oxidation states, 2+ and 3+. The latter being more stable. This property 
makes the divalent samarium a strong one electron donor and thus a reducing agent. Another important 
property of samarium is it’s oxo and azaphilicity.4 This property has been exploited to control selectivity of 
multiple reactions and additives by coordination of one or more O or N ligands to SmI2. Flowers has shown 
3 
using visible spectroscopy that samarium is more azaphilic than oxophilic. The absorption spectra of 
complexes after addition of N-ligands and O-ligands was compared. There was a noticeable change in the 
visible spectra when N-ligands were added compared to O-ligands. This lead to the conclusion that under 
similar conditions the nitrogen ligands coordinated stronger to samarium than oxygen ligands.4 This is a 
result of it being considered a hard Lewis acid and its electropositivity.  
 
Samarium Diiodide 
The convenient synthesis of samarium diiodide (SmI2), also known as Kagan’s reagent, was reported 
by Kagan in 1980.5 This was accomplished by the reaction of samarium metal with a stoichiometric amount 
of oxidant, 1,2-diiodoethane, in tetrahydrofuran (THF), Scheme 4. This was easily accomplished at room 
temperature, under an inert atmosphere, and with anhydrous conditions.5 SmI2 is air sensitive and requires 
reactions under inert atmosphere, such as N2 or Ar.  
I
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Scheme 4: Synthesis of SmI2 from Sm0 and 1,2-diiodoethane 
 
Several other methods for synthesis of SmI2 have been reported. Imamoto reported the most atom 
economic preparation by refluxing a solution of samarium metal and iodide in THF in 1987.6 In 1992, Ishii 
reported the use of chlorotrimethylsilane (TMSCl) and sodium idodide (NaI) to generate SmI2 from samarium 
metal.7 Recently, Concellόn reported the use of sonication to generate SmI2 in minutes instead of hours, 
Scheme 5.8 This was accomplished with using several different oxidants: iodoform, diiodomethane, 1,2-
diodoethane, and iodine. The first of these three were accomplished in fifteen minutes of sonication and the 
last with one hour. Consuming 1,2-diiodoethane as the oxidant under sonication has become the preferred 
method for synthesis of SmI2 and has enabled rapid generation of the reagent at, or very close to, [0.1 M] 
concentration for laboratory use. Efficient generation of SmI2 at or close to the target concentration is 
important for reducing the amount of SmI2 required for transformations.  
4 
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Scheme 5: Synthesis of SmI2 by sonication 
 
SmI2 has been prepared in other solvents, but at lower concentration. Kagan reported the generation 
of SmI2 in tetrhydropyran (THP).9 Ruder reported SmI2 preparation in acetonitrile (CH3CN).10 It is of note 
that SmI2 does not reduce CH3CN despite nitrile groups being reducible by SmI2. Reducing a nitrile group to 
the corresponding amine requires additives to increase the reduction potential of the reagent. SmI2 was 
generated in a benzene (PhH) and hexamethylphosphoramide (HMPA) co-solvent system.11 Employing 
sonication, Flowers was able to generate SmI2 in CH3CN, dimethoxyethane (DME), 2-propanol, 2-methyl-
2-propanol, and 2-heptanol, albeit in low concentration range of [0.02-0.05M].12  In addition to easy SmI2 
generation in different solvents, Flowers was able to generate samarium dibromide (SmBr2) in THF, CH3CN, 
and DME in low concentrations. Attempts to generate SmI2 in other ethereal solvents: diethyl ether (Et2O), 
tert-butyl methyl ether (TBME), and dioxane have not been successful.9 Solvents that have reducible 
functional groups are also not effective solvents, such as dimethyl sulfoxide (DMSO), methylene chloride 
(DCM), and dimethylformamide (DMF).  
 The concentration of the SmI2 can be determined by titrating a solution of cyclohexanone and THF 
into a solution of SmI2, triethylamine (TEA), and water. The end point of the titration is when the color 
changes from dark brown to white.13 One equivalent of SmI2 reduces one equivalent of cyclohexanone. The 
titration should be repeated two additional times and averaged. This titration can be routinely conducted prior 
to the use of SmI2 if the exact concentration of the reagent is needed.  
The reduction potential of SmI2 has been reported to be approximately -1.41 V by cyclic and linear 
sweep voltammetry.14,15  The actual reduction potential can vary depending on the solvent and any additive. 
The reduction potential of SmI2 in acetonitrile and SmI2 with different additives in THF have been measured,  
Figure 1.16,17,18  
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Figure 1: Reduction potentials of Sm2+ complexes 
 
 Samarium, like other lanthinides, adopts coordination numbers greater than six. This depends largly 
on the size of the ligands. SmI2 is in a hepta coordination geometry with five THF ligands coordinated through 
the oxygen lone pairs. This puts the iodine ligands in the axial position. Evans determined this by X-ray 
crystallography of SmI2(THF)5.19 
Reactivity and Additives 
Samarium diiodide has advantages over other reducing reagents. SmI2 is a mild reducing agent and 
is incredibly chemoselective. The reactivity and chemoselectivity of SmI2 varies depending on any additives 
used and the temperature of the reaction. In addition, the use of additives can affect the stereochemiscal 
outcome. Using additives can change the reactivity and thus the outcome of the reaction. Additives can also 
favor one functional group over the other.  
In general, the resulting radical or organosamarium anionic intermediate can be utilized for several 
transformations. Quenching of the reactive intermediate with proton sources in the reaction or after workup 
provides mild reductions of functional groups. These protocols for reduction can be utilized in an orthogonal 
fashion with other reductions, be it single or two electron sources.  
Additives can be separated into three different groups: Lewis base, proton sources, and metal ion 
salts or complexes. Lewis bases consist of hexamethylphosphoramide (HMPA), Figure 2, ethers, and other 
electron donor ligands. Proton sources are predominantly alcohols and water. The most commons metal ion 
salts and complexes utilized are NiI2, FeCl3, LiBr, and LiCl.  
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Figure 2: Structure of HMPA 
 
The seminal work by Kagan reported the use the SmI2 to reduce primary alkyl halides and tosylate, 
Table 1.5 The alkyl iodides were reduced easily in six hours, 95% yield  Entry 1, in refluxing SmI2. The 
alkyl bromides were reduced but at a very slow rate, Entry 2. Alkyl chlorides were not reduced at all under 
these conditions, Entry 3. Alkyl tosylates were also reduced but required elevated temperatures, Entry 4. 
 
Table 1: Reduction of primary halides and tosylate with refluxing SmI2 by Kagan 
R-X
SmI2
THF
R-H
 
Entry R X Time  Yield (%) 
1 C12H25 I 6 hours 95 
2 C12H25 Br 2 days 82 
3 C12H25 Cl 2 days No reaction 
4 C12H25 OTsa 10 hours 88 
Reaction conditions: 1 mmol of R-X, 2 mmol of SmI2 refluxing. 
aOTs: tosylate, R-SO2(C7H7) 
 
Inanaga determined that the addition of HMPA, approximately 10% v/v, had a significant effect on 
the rate of reduction of alkyl halides, Table 2. The use HMPA reduced the reaction time needed and reaction 
temperature needed to reduce the alkyl iodides and bromides, Entry 1-2. Even alkyl chlorides were reduced 
in refluxing SmI2 in eight hours, Entry 3.20  
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Table 2: Reduction of alkyl halides by SmI2-HMPA by Inanaga 
R-X
SmI2 
THF
R-H
HMPA
 
Entry R X Time  Yield (%) 
1 C12H25 I 5 minutesa >95 
2 C12H25 Br 10 minutesa >95 
3 C12H25 Cl 8 hoursb >95 
Reaction conditions: 1 mmol of R-X, 2 mmol of SmI2. 
aroom temperature. brefluxing.  
 
In addition to the enhanced reduction rate of alkyl halides, Inanaga reported that HMPA addition 
accelerated the reaction rate of Barbier reaction of alkyl halides and ketones, Table 3. There was also a 
significant increase in the isolated yield.21 The use of HMPA as an additive was imperative for the quick and 
efficient Barbier reaction.  
 
Table 3: Barbier coupling of aklyl halides and ketones with and without HMPA by Inanaga 
R-Br
SmI2, THF
O OH
R
 
Entry R Additive Time Yield (%)a 
1 n-Bu None 1 dayb 67 
2 n-Bu HMPA 1 minute 92 
3 s-Bu None 1.5 daysb 27 
4 s-Bu HMPA 1 minute 90 
aIsolated yield. bRefluxing.  
 
HMPA has been determined to increase the reduction potential of SmI2, Figure 1. Molander 
determined that the use of four to eight equivalents (equiv.) of HMPA relative to the SmI2.22 This came from 
the study of carbonyl radical cyclizations with unactivated alkenes. Without HMPA the cyclization requires 
8 
an electron withdrawing group (EWG) attached to the alkene to activate it. Molander determined that the 
addition on HMPA increased the yield, diastereomeric excess (d.e.), and reduced the reaction time, Table 4. 
It was determined that four to eight equiv. of HMPA, Entry 1-2, was the optimal. When two equiv. of HMPA 
was used, Entry 3, the reaction time was increased from less than fifteen minutes to two hours. In addition, 
starting material that had the carbonyl reduced to the alcohol was isolated. Without the use of HMPA, the 
reaction was completed in thirty-six hours and with a lower d.e. In addition, unreacted starting material and 
reduced but uncyclized starting material was isolated.  
 
Table 4: Carbonyl alkene radical cyclization by Molander 
O
OH
SmI2
OH
+
1.1 1.2 1.3
 
Entry Conditions Product (%) Time d.e. (%)a Yield (%)b 
1 8 equiv. HMPA 1.2 (100) <15 minutes >99 90 
2 4 equiv. HMPA 1.2 (100) <15 minutes >99 89 
3 2 equiv. HMPA 
1.2 (98) 
 1.1 (2) 
2 hours 96 91 
4 none 
1.1 (33) 
 1.2 (62) 
1.3 (5) 
36 hours 92 95 
Reaction conditions: Slow addition of olefinic ketone (1 equiv.) a1nd t-BuOH (3 equiv.) in THF [0.05 M] to a [0.15 M] solution 
of SmI2 in THF containing HMPA. 
 ade is diastereomeric excess.  bCombin1ed yield.  
 
The work done by Inanaga and Molander set the stage for the wide spread use of HMPA as an 
additive to promote various reactions that SmI2 is unable to do without an additive. Flowers has determined 
that HMPA addition creates a thermodynamically stronger reductant. The reduction potential of a constant 
concentration of SmI2 with increasing additions of HMPA was measured, Table 5.15 The biggest change in 
9 
reduction potential was at three equiv. of HMPA, Entry 4. With an increase of 0.62 V. After addition of four 
equiv. of HMPA, there was no additional increase in reduction potential.  
 
Table 5: Effect of HMPA on Reduction potential of SmI2 by Flowers 
 
Entry Equiv. of HMPA Red. Potential (V)a ΔE (V)b ΔE (kcal) 
1 0 -1.33 0 0 
2 1 -1.43 0.10 2.3 
3 2 -1.46 0.13 3.0 
4 3 -1.95 0.62 14.0 
5 4 -2.05 0.72 16.6 
6 5 -2.05 0.72 16.6 
7 6 -2.05 0.72 16.6 
Concentration of SmI2 was [0.05 mM]. 
avs. Ag/AgNO3 reference electrode in THF. 
bChange in red. potential from 0 equiv. of 
HMPA. 
 
HMPA provides a great synthetic advantage when performing reactions promoted by SmI2 but the 
toxicity of HMPA makes it undesirable for synthetic uses. Several other Lewis base additives have utilized 
but these often require greater equiv. of the additive. Tripyrrolidinophosphoric acid triamide (TPPA), 1,3-
dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidione (DMPU), and trimethylurea (TMU) are some examples of 
alternative Lewis base additives, Figure 3. 
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Figure 3: Alternative lewis base additives 
 
Several reactions promoted by SmI2 require a proton source or donor in the reaction mixture. 
Primarily these proton sources are there to quench any terminal anionic species generated. The identity of 
the proton source can have a large impact on the regiochemistry and stereochemistry outcome of the reaction. 
For example, the cyclization of γ,δ-unstaturated ketones, 1.4, by SmI2 reported by Procter.23  The cyclization 
products vary depending on which proton source was used, Scheme 6. When methanol (MeOH) was used as 
the proton source, it resulted in fast protonation of the anion organosamarium intermediate leading to 1.5. 
Alternatively, when tert-butanol (t-BuOH) was used the resulting anion organosamarium intermediate was 
10 
not protonated and reacted further leading to 1.6. In either case the other product was not isolated. Protonation 
by MeOH is rapid because the alcohol can coordinate to samarium. Whereas, due to the increased steric bulk 
of t-BuOH, is not likely coordinated to samarium. Thus, the protonation can’t compete with the 
intermolecular reaction to form the alternative product.  
O
O
OO
OH
O
O
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Scheme 6: γ,δ-Unsaturated ketone cyclization by Procter 
 
The practice of using water as an additive was first employed by Curran in 1993. Curran proposed 
that not only can water serve as a proton source but also enhances the rate of reactions.24 In 2004 Flowers 
studied the rate of reduction of acetophenone, 1.7, to 1-phenylethanol, 1.8, in the presence of several different 
alcohols and water, Scheme 7. Several alcohols were studied: 2-propanol (i-PrOH), 2-methyl-2-propanol, 
MeOH, ethanol (EtOH), 2,2,2-trifluoroethanol, and phenol (PhOH). The last four of these alcohols had a rate 
order of 1 (within the experimental error). At the same concentrations, water had a rate order of 1.4. The 
kinetic isotope effect of kH/kD approximately 2 was determined. This indicates that the rate determining step 
of the reduction of carbonyl by SmI2-proton source involved a proton transfer. In addition, the UV-vis spectra 
of SmI2 with water showed a change with as little as ten equiv. of water added. This supports water binding 
to SmI2.25  
O OH
SmI2, ROH
THF
1.7 1.8
 
Scheme 7: Reduction of acetophenone in presence of alcohols and water by Flowers 
 
In 2003, Hilmersson reported the first use of a combination of water and amine additive system in 
SmI2 promoted reactions. The use of this system reduced dialkyl ketones to the corresponding alcohols in a 
11 
few seconds. For comparison, the reaction of acetophenone with SmI2-MeOH took twenty-four hours to give 
an 80% yield. With SmI2-amine-H2O, the reaction was completed in less than ten seconds and in >80% yield. 
Without any additive the pinacol product was isolated in a 95% yield. Hilmersson proposed that the reason 
for the acceleration of these reactions using an amine-H2O system is due to the rapid precipitation of the 
byproducts, Sm(OH)3 and R3NHI.26 The use of amine-H2O additive system provided an alternative to the use 
of HMPA.  
Inorganic salt additives are also able to change the reactivity and/or reduction potential of SmI2. 
Two common inorganic additives used are lithium bromide (LiBr) and lithium chloride (LiCl). Lithium salt 
addition increases the reduction potential of SmI2. This occurs by ligand exchange of the iodide for bromide 
or chloride anions. Ligand exchange creates the stronger reductants, samarium bromide (SmBr2) and 
samarium chloride (SmCl2). The addition of these lithium salts generates the two samarium reagents in situ. 
This counterion exchange is the simplest method for generation.16 These reagents have been generated using 
different methodologies, but they suffer from poor solubility in organic solvents, even in THF.  
The first generation of SmBr2 was first reported in 1934. Samarium tribromide (SmBr3) was reduced 
with hydrogen gas (H2) at 740 ⁰C for five hours. Progress of the reaction was monitored by color change of 
the solid to a chocolate-brown color. This solid was stable when kept under anhydrous conditions with a H2 
atmosphere.27 Kagan reported in 1993 the reduction of SmBr3 with lithium dispersion in THF at room 
temperature. This was carried out under argon atmosphere.28 
Rossmanith reported the first generation of SmCl2 in 1979. SmCl3 was reduced with lithium metal-
naphthalene dispersion in THF.29 Surprisingly, SmCl2 can be prepared in water by the reduction of SmCl3 
with Sm metal.30 SmCl3 was dissolved in water to produce a pale yellow colored solution. After addition of 
Sm metal, the color of the solution gradually changed to reddish purple. This solution had an UV-vis 
absorption around 560 nm. In addition to Sm metal, magnesium (Mg) metal was effective in generating 
SmCl2 in water from SmCl3.30 
 In 1997 Flowers reported the first use of LiBr and LiCl as an additive to SmI2.31 Initially it was 
theorized that the bromide and chloride anions were coordinated to the samarium. Flowers later compared 
the UV-vis spectra of SmBr2 and SmCl2 generated by previously reported methods with generation by 
addition of lithium salts.32 The spectra of SmBr2 and the SmI2 with lithium bromide added  were identical. 
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SmBr2 synthesized by other methods suffered from poor solubility but solubilized after sonication, producing 
a purple solution. The SmCl2 and SmI2 with lithium chloride additive were unable to be compared due very 
poor solubility in THF. SmCl2 synthesized by reduction of SmCl3 has very poor solubility in THF. Sonication 
did not help with solubility in THF. SmCl2 quickly precipitates out of solution. SmCl2 from SmI2 and LiCl 
need to be used shortly after generation of the reagent to prevent precipitation of the reagent.  
Addition of LiBr or LiCl results in a color change from blue to purple, similar to the addition of 
HMPA to SmI2. After addition, the charge transfer bands of SmI2 at 552 and 616 nm were shifted to lower 
wavelengths. This shift suggests, which electrochemical data supports, that upon addition of the lithium salts 
the reducing power of the divalent Sm reagent increases.32  
The problem of poor solubility of the divalent and trivalent samarium bromide and chloride salts 
stems from aggregation. Generation of SmBr2 by addition of LiBr allows for ligand exchange in an already 
solvated divalent samarium.32 
SmBr2 and SmCl2 have shown to be more selective reagents than their iodide counterpart. This 
enhanced selectivity comes from the smaller radial size of the halide anions. With a smaller anionic radius, 
the reagent has an enhanced inner-sphere electron transfer. This enhancement comes from easier coordination 
of carbonyl functional groups over other reducible groups. Flowers showed the effect of lithium salts and 
HMPA on the coupling of 1-iododecane and 2-octanone promoted by SmI2, Table 6.32 Without any additive 
a mixture of the Pinacol and Barbier products in addition to unreacted starting material was obtained, Entry 
1. Using HMPA promoted exclusively the Barbier reaction, Entry 2. When SmI2 is coordinatively saturated 
with HMPA outer sphere electron transfer is perfered over inner sphere electron transfer. This results in the 
reduction of the iodoalkane over the carbonyl, yielding the Barbier product. The addition of lithium bromide 
favored the formation of the Pinacol product exclusively, Entry 4. Other lithium salts did not have much of 
an impact on the selectivity of the reaction. Lithium chloride favored the Pinacol product but the Barbier 
product was isolated too, Entry 3. Lithium iodide behaved the same as SmI2 without additives, Entry 5. This 
supports the lithium cation coordination to the carbonyl having little impact on the reaction outcome.  
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Table 6: Reaction of 1-iododecane and 2-octanone with SmI2 and different additives 
R
1
O
+ I R
2 R1: (CH2)5CH3
R2: (CH2)9CH3
R
1
OH OH
R
1 R
1
OH
R
2
+
1.9 1.10 1.11 1.12
 
Entry Additive Equiv./SmI2 1.11 (%)a 1.12 (%)a 1.9 (%)a 
1 - - 27 63 10 
2 HMPA 8 <1 98 <1 
3 LiCl 8 56 40 4 
4 LiBr 8 99 - <1 
5 LiI 8 25 68 7 
Conditions: 1 mmol 2-octanone (1.9) and 1 mmol 1-iododecane (1.10) dissolved in 10 mL [0.1 m] THF added to 20 mL solution 
of [0.1 M] SmI2 containing 8 equiv. of additive. 
aGC yield 
 
The use of LiBr and LiCl as additives to generate SmBr2 and SmCl2 for synthetical uses have been 
used by Wood and coworkers towards the total synthesis of Welwitindolinone A Isonitrile, Figure 4.33–35 
This is a natural product containing an oxindole unit isolated from blue-green algae. SmI2, screening multiple 
different additives, was used for the intramolecular coupling of an isocyanate functional group to an α,β-
unsaturated ketone,  1.13. This would form the spiral oxindole, 1.14, required for their total synthesis, Table 
7. SmI2 alone, with catalytic NiI2, or with HMPA additive yielded the spirooxindole in low yields, Entry 1-
3. SmBr2, generated by addition of LiBr, was able to yield the resulting spirooxindole in moderate yield, 
Entry 3. SmCl2, generated by addition of LiCl¸ yielded the spirooxindole in high yields, Entry 5.33  
N
O
H
Cl
CN
Welwitindolinone A Isonitrile
 
Figure 4: Structure of Welwitindolinone A Isonitrile 
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Table 7: Intramolecular coupling of isocyanate and α,β-unsaturated ketone with SmI2 and different 
additives 
O
NCO NH
O O
SmI2, Additive
tBuOH, -78C
THF
1.13 1.14
 
Entry Additive 1.14 Yield (%)a 
1 - 5 
2 NiI2 (0.05 equiv.) 15 
3 HMPA (6 equiv.) 32 
4 LiBr (8.4 equiv.) 47 
5 LiCl (8.4 equiv.) 88 
Reaction Conditions: 1 equiv. isocyanate compound 1.13, 1 equiv. tBuOH, 2.1 equiv. of SmI2 at -78 ⁰C. 
aIsolated yield. 
 
Reissig reported two aromatic ring to ketone coupling reactions promoted by SmI2 with an additive 
in 2008.36,37 The first example uses SmBr2, generated from LiBr addition, with 1,3-dimethyl-2-imazolidinone 
(DMI), Figure 5, and tBuOH additives to perform an intramolecular cyclization of an aromatic ring and a 
ketone, Scheme 8. The product, 1.16, was isolated in high yields. This reaction could be performed with the 
use of HMPA in place of LiBr with similar yields.37 LiBr provided a safer alternative additive than HMPA, 
a suspected carcinogen. In another report, Reissig, performed an intramolecular ketone to aromatic 
cyclization. It was determined that the use of HMPA or LiBr additives yielded two different products, 1.18 
and 1.19, in low yields, Scheme 9.36  
N N
O
DMI
 
Figure 5: Structure of 1,3-dimethyl-2-imidazolidinone (DMI) 
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N
O
O
Ph
N
O
OH
H
H
SmI2(2.3 equiv.), LiBr (14 equiv.)
DMI(18 equiv.), tBuOH (2.5 equiv.)
THF, 0 C, 1.5 hr.
1.16, 75%1.15
 
Scheme 8: Ketone to aromatic ring coupling to synthesize tetracyclic compounds 
 
O
O
O
O
OH
OH
H
H
OH
OH
SmI2(5.5 equiv.)
HMPA (36 equiv.)
tBuOH (1 equiv.)
THF, 23 C, 1 day
SmI2 (5.7 equiv.)
LiBr (22 equiv.)
DMI (36 equiv.)
THF, 23 C, 1 day
1.18, 15%
1.19, 23%
1.17
 
Scheme 9: Ketone to aromatic ring coupling to synthesize pentacyclic compounds 
 
 
These examples show the synthetic utility of SmBr2 and SmCl2 to promote reactions. With reduction 
potentials higher than HMPA, the use of LiBr and LiCl can provide a less toxic alternative to HMPA. SmBr2 
and SmCl2 has additional selectivity over SmI2 (with or without other additives) that can promote 
transformations that SmI2 (with or without other additives) cannot do.  
 
Functional Group Transformations 
SmI2 is capable of reducing several different functional groups. SmI2 is very chemoselective reagent. 
The chemoselectivity and reactivity can be tuned with different reaction conditions and/or additives. There 
are multiple different functional groups that can be reduced with SmI2. The additives necessary for each of 
these reactions can vary, Table 8. 
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Table 8: Functional group transformations and additives required38 
Entry Functional group Product 
Conditions and 
Additives 
1 
R-X 
X: I, Br, Cl, F 
R-H 
HMPA, ROH, hν, temp 
(X: I, Br, Cl)5,20,24,39 
Sm(HMDS)2 (X: F)40 
2 
O
R R 
R: aryl, alkyl, H 
OH
R R
H
 
R: aryl, alkyl, H 
ROH, E.G., HMPA,  
amine & H2O41,42,23 
3 
O
O
R
O
O
O
O
R
 
R: aryl, alkyl, H 
OH
OH
R
OH
OH
O
R
 
R: aryl, alkyl, H 
H2O43 
4 
O
R
1
OR
2
O
R
1
NR
2
 
R1: aryl, alkyl 
R2: H, alkyl, aryl 
OH
R
1
 
R1: aryl, alkyl 
H2O, amine & H2O44 
5 
R N  
R: aryl, alkyl 
NH2
R  
R: aryl, alkyl 
ROH & hν, amine & 
H2O45,46 
6 
O
R
1
R
2
R
2X
 
R1: aryl, alkyl, OR, NR2 
R2: aryl, alkyl, H 
X: Br, I, OR, SOR 
O
R
1
R
2
R
2H
 
R1: aryl, alkyl, OR, NR2 
R2: aryl, alkyl, H 
MeOH, E.G., HMPA, 
LiBra, LiCla47–49 
7 
R
R R
R
 
R
R R
RH
H  
H2O, amine & H2O, 
ROHb 50 
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R: aryl, alkyl, H R: aryl, alkyl, H 
8 
R
R R
RO
 
R: aryl, alkyl, H 
R
R R
R
 
R: aryl, alkyl, H 
none5,51 
9 
R N
R
X
 
R: aryl, alkyl, H 
X: OR, NR, SO2R 
R N
R
H
 
R: aryl, alkyl, H 
MeOH, amine & H2O, 
HMPA52–54 
10 
R S
R
O
R
S
R
OO
 
R: aryl, alkyl, H 
R S
R 
R: aryl, alkyl, H 
HMPA5,55–57 
1116 
R
R  
R: aryl, alkyl, H 
R
R  
R: aryl, alkyl, H 
H2O16 
12 P
O
R
R
R  
P R
R
R  
HMPA55 
13 
O
R
R 
O
R
R 
MeOH, Amine & H2O, 
HMPA26,58–60 
14 R NCS NH
S
 
HMPA61 
15 RO-OR RS-SR R2N-NR2 ROH RSH R2NH None, ROH52,62,63 
ROH: nonspecific alcohol; HMDS: bis(trimethylsilyl)amide; E.G.: Ethylene Glycol; MeOH: methanol, amine: non-specific 
amine. aWork presented in 2.1.6. bIf one of the R groups is an electron withdrawing group (EWG).  
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Reduction of the functional groups, like those presented in Table 8, creates either a radical or anionic 
intermediate. Said intermediates can be quenched by the any protic sources that are present in the reaction 
mixture, for example H2O or an alcohol. Without any protic sources included in the reaction mixture, these 
intermediates can be utilized to perform various radical or anionic transformations.  
A classical reaction utilizing an intermediate generated from the reduction of a functional group by 
SmI2 is the Reformatsky reaction, Entry 6 of Table 8. The use of SmI2 Reformatsky reaction is an established 
mild method for generation of a metal enolate from a carbonyl baring an α-heterogroup. The most common 
α-group is a halogen, usually chlorine or bromine, but other heteroatoms, nitrogen, oxygen, or sulfur, can use 
utilized. Molander reported the first detailed study of the reduction of α-heterocarbonyl in 1986.47 Prior to 
this, zinc metal64,65,66,67 and chromous ion68 were utilized. Both methods required use of acidic conditions, 
with extended reaction times, in addition to usually requiring elevated temperatures. The use of SmI2 provides 
a much milder method than either of those. To date, low valent titanium (Ti) has also been used, in addition 
to SmI2, for Reformatsky reactions.69–71 Namely titanocene dichloride (Cp2TiCl2) reduced to the Ti3+ by using 
mangense metal (Mn0).  
Molander reported the reduction of α-heteroketones with a variety of different α groups, Table 9. 
Each of the α-hetero groups was able to be removed, except the hydroxy group (-OH) Entry 5, in moderate 
to good yields. 
 
Table 9: Reduction of α-heteroatom ketones with SmI2 
O
X
O
R R
X
R : C5H11
Entry 1-5 Entry 6-10
 
Entry X Yield (%)a Entry X Yield (%)a 
1 OAc 75b 6 Cl 100 
2 OSiMe3 98 7 SPh 76 
3 OCOCH2Ph 100 8 S(O)Ph 64 
4 OTs 94 9 SO2Ph 88c 
5 OH 29 10 HgCl 94 
Reaction conditions: 1.00 mmol substrate, 2 mmol SmI2 [0.5 M], MeOH/THF (1:2) [0.3 M] solvent, -78 ⁰C, 10 min. 
aYield 
determined by GC. b Isolated yield. cStarting material detected in addition to product.  
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In 1986 Molander proposed three different potential mechanisms for the Reformatsky reduction.47 
The first, Figure 6, the α-heteroatom carbonyl, 1.20, is reduced to the ketyl radical, 1.21. The keyl radical 
would be protonated by the alcohol additive, 1.22, called co-solvent in the original reporting. From there, a 
second reduction by SmI2 would create the carbanion, 1.23, which would quickly eliminate the bromine 
anion. The enol tautomer, 1.24, would tautomerize to the carbonyl, 1.25.  
R
Br
O
R
Sm
3+
R
C
Br
O
R
R
C
Br
OH
R
R
C
-
Br
OH
R
R
OH
R
R
O
R
SmI2 ROH
SmI2
1.20 1.21 1.22
1.231.241.25
 
Figure 6: Reformatsky reduction potential mechanism number one 
 
The second proposed mechanism, Figure 7, resulted from the observation that esters without a α-
heteroatom don’t get reduced by SmI2 alone. The first step is the reduction of the heteroatom to create a 
radical anion, 1.26. This will quickly fragment to the carbon radical, 1.27, and heteroatom anion, bromine 
anion for example. The radical would be reduced by a second SmI2 to create the carbanion, 1.28. This 
carbanion, or the enolate, 1.24, would be protonated resulting in the parent carbonyl, 1.25.  
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R
Br
O
R
R
Br
O
R
SmI2
R CH
O
R
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+
SmI2
R CH
-
O
R
R
O
R
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3+
R
O
R
1.20 1.26 1.27
1.281.241.25
 
Figure 7: Reformatsky reduction potential mechanism number two 
 
Alternately, Molander proposed that the electron-withdrawing α-heteroatom and the ability of it to 
coordinate to SmI2 may facilitate the reduction of the ester, Figure 8. After the elimination of the α-
heteroatom and tautomerization, the ester can’t be reduced any further by any excess SmI2.  
Sm
3+
R
C
Br
O
R
R
C
Br
OH
R
R
C
-
Br
OH
R
R
OH
R
R
O
R
ROH
SmI2
Sm
2+
R
Br
O
R
1.20 1.21 1.22
1.231.241.25
 
Figure 8: Reformatsky reduction potential mechanism number three 
 
The enolate generated by the reduction of the α-hetero carbonyl group can react with an electrophilic 
carbon, for example a carbonyl, instead of being protonated. These Reformatsky-aldol reactions are mild and 
stereoselective methods for producing carbon-carbon bonds. There have been multiple reports of 
intramolecular reactions creating ring sizes of six and greater. The use of the SmI2 Reformatsky-aldol reaction 
to form five membered rings has had limited attention. One specific example was reported by Pettus in 2012. 
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Pettus reported a general method to construct 3-methyl-4-O-methylated tetramic acids, Scheme 10.72 The 
key step was the SmI2 Reformaksy-aldol cyclization to construct the five-membered ring, 1.30. HMPA was 
critical for the formation of the five-membered ring. Without HMPA, only 14% yield was obtained and with 
five to ten equiv. of HMPA the product was obtained in a 65% yield.  
 
N
R
R
O
O
CO2R
R
NR
O
Br 1) SmI2, HMPA
2) CH2N2
1.29 1.30
 
Scheme 10: Synthesis of 3-methyl-4-O-methylated tetramic acids by Pettus 
 
An example of a six-membered ring formation by SmI2 promoted Reformatsky-aldol reaction was 
reported by Deslongchamps. The use of SmI2 Reformatsky-aldol cyclization of an α-bromoketone with a 
tethered ketone, 1.31, towards the convergent synthesis of the cardenolide skeleton, 1.32, Scheme 11.73 This 
was accomplished with no additives at -78 ⁰C. The cardenolide skeleton was isolated as a single diastereomer 
in 84% yield.  
O
Br
O
O
O
H
O
O
H
OH
O
H
H
SmI2
THF, -78 C
84%, 95:1 d.r.
1.31 1.32
 
Scheme 11: Reformatsky-aldol cyclization of α-bromoketone towards the cardenolide skeleton 
 
Another example of a five membered ring forming Reformatsky-aldol reaction was reported by 
Brückner in 2017 in the synthesis of the 4,5-dihydroxycyclopentenone core of kodaistatins A-D, Scheme 
12.74 The cyclization of an α-bromoketone with an phenyl ketone was performed without the use of additives 
and with the reaction started at -78 ⁰C and slowly warmed to -10 ⁰C over a four-hour period. The major 
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product, 1.34, was isolated in modest yield. The reaction was not diastereoselective and the minor product, 
1.35, could not be utilized in the subsequent step.   
SmI2
THF, -78 C
O
O
O
Ph
O
O
Br
TBS
O
O
OH
O
O
TBS
Ph
+ O
O
OH
O
O
TBS
Ph
49% 27%
1.33 1.34 1.35
 
Scheme 12: SmI2 Reformatsky-aldol cyclization towards the 4,5-dihydroxycyclopentenone core of 
kodaistatins A-D 
 
Another reaction type that utilizes SmI2 is the pinacol coupling of two carbonyl groups. SmI2 can 
reduce carbonyls selectively over other functional groups. The resulting ketyl radical readily undergoes a 
pinacol coupling with another ketyl radical, yielding 1,2-diols. The first reported use of SmI2 for the pinacol 
coupling of carbonyls was by Kagan in 1983.75 Kagan reported the pinacol coupling of aromatic and aliphatic 
ketones and aldehydes, Table 10. These couplings were accomplished in minutes to hours with high yields.  
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Table 10: Pinacol coupling of aromatic and aliphatic aldehydes and ketones by Kagan 
R
2
O
R
1
1) SmI2
2) H3O
+ R
1
R
2
OH
R
2
OH
R
1
 
Entry R1 R2 Reaction Time Yield (%)a 
1 H phenyl 0.5 min. 95 
2 H pNO2-C6H4 0.5 min. 95 
3 H pCN-C6H4 0.5 min. 95 
4 H pCOOH-C6H4 0.5 min. 66 
5 H pCH3O-C6H4 1 min. 90 
6 H p(CH3)2-C6H4 0.5 min. 90 
7 H 2,4,6-(CH3)-C6H4 0.5 min. 95 
8 H n-heptyl 3 hr. 85 
9 H cyclohexyl 4 hr. 95 
10 H methyl 1 min. 0 
11 CH3 n-butyl 24 hr. 80 
12 CH3 phenyl 0.5 min. 95 
Reaction conditions: 2 mmol substrate (1 equiv.), 2 mmol [0.1 M] SmI2 (1 equiv.), THF (5 mL, [0.4 M]). 
aIsolated yields.  
 
Similar to the Reformatsky-aldol reaction, the pinacol reaction can be used to synthesize cyclic 
products. These products contain either a syn or anti 1,2-diol. SmI2 promoted pinacol coupling has been 
utilized in multiple total synthesis of natural and biologically active compounds.  
In 2011 Tu, Scheme 13, and in 2012 Lei, Scheme 14, independently reported the use of SmI2 
promoted pinacol coupling to create the five-membered ring with the syn 1,2 diol, albeit with opposite 
relative syn diastereoselectivity.76,77 Tu’s required HMPA additive and Lei’s required none. Both were able 
to achieve high diastereoselectivity with moderate to high yields. These are both examples of five-membered 
diastereoselective pinacol couplings. Both diastereoselectivity came from the coordination of the oxygens to 
the Sm metal, Figure 9 and Figure 10. Both Tu and Lei later used their Pinacol coupling in the synthesis of 
other Lycopodium alkaloids.78,79  
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O
MOMO O
NR
OH
MOMO
OH
NR
H
SmI2
HMPA
THF, 0C
60%, >95:5 d.r.
1.36 1.37
 
Scheme 13: Aldehyde and ketone pinacol coupling in the total synthesis of Lycopodium Alkaloids by 
Tu 
 
O
OH
O
NR
OH
OH
OH
NR
HSmI2
THF, 23C
90%, 80:20 d.r.
1.38 1.39
 
Scheme 14: Aldehyde and ketone pinacol coupling in the total synthesis of Lycopodium Alkaloids by 
Lei 
 
SmI2
C
O
-
H
N
R
O
H
  
N
O
O
C
O
R
H
SmI2MOM
 
Figure 9: Transition state of Tu's pinacol coupling towards total synthesis of Lycopodium Alkaloids 
 
OH
C
O
O N
R
H
I2Sm  
Figure 10: Transition state of Lei's pinacol coupling towards total synthesis of Lycopodium Alkaloids 
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Catalytic use of SmI2 
Many of the reactions utilizing SmI2 require stoichiometric or superstoichiometric amounts of Sm 
metal. SmI2 can be utilized in catalytic (cat.) amounts to promote reactions using another reductant to reduce 
trivalent samarium metal to the divalent samarium metal, Figure 11. This process woul d use cheap and 
readily available co-reductant. Determining the ideal co-reductant provides a major challenge to the use of 
catalytic amounts of SmI2. 
Sm2+
Sm3+
Substrate
ProductReductant
 
Figure 11: Catalytic SmI2 reduction pathway 
 
 
Endo reported the use of Mg0, reduction potential -2.37 V, to reduce trivalent Sm to divalent Sm.80 
The use of Mg0 along with trimethylsilyl chloride (TMSCl) allowed for the use of catalytic amounts of SmI2 
in the pinacol coupling of aromatic carbonyls. The model system was the reductive coupling of benzaldehyde, 
1.40, to 1,2-diphenylethane-1,2-diol, 1.41, Table 11. The optimized reaction conditions were 0.1 equiv. SmI2, 
1.5 equiv. TMSCl, and 8 equiv. of Mg0, Entry 1. It was theorized that TMSCl would be needed to liberate 
Sm3+ from the coupled Pinacol product. Without the TMSCl the reduction of Sm3+ to Sm2+ would not occur 
or would occur in low yields, Entry 3.  
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Table 11: Pinacol coupling of benzaldehyde with cat. SmI2 
O OH
OH
SmI2(cat.)
TMSCl
Mg0
1.40 1.41
 
Entry SmI2/TMSCl/Mg (mmol) Yield (%)a 
1 0.2/3.0/16b 66 
2 0.2/6.0/16c 54 
3 0.2/0/16b 14 
4 0/3.0/16b 0 
5 2/3.0/0b 78 
aIsolated yield. b2.00 mmol benzaldehyde. c4.00 mmol benzaldehyde. 
 
Orsini was able to use Mg0 as a co-reductant to reduce cat. amounts of SmI2 in the intermolecular 
Reformatsky reaction of α-halo esters, nitriles, ketone, and phosphates with aldehydes, ketones, and imines, 
Table 12.81 The yields of the reaction were low to high and had low diastereoselectivity when diastereomers 
were made.  
 
Table 12: Intermolecular cat. SmI2 Reformatsky reaction of α-halogen compounds with electrophiles 
Entry α-Halogen compound Electrophile Yield (%)a 
Pinacol pdt 
(%)a 
1 
O
O
Br
 Ph
O
 
75b 10 
2 
O
O
Br
 Ph
O
Ph 
77 - 
3 
O
O
Br
 
O
 
83 - 
27 
4b 
O
O
Br
 
Ph O  91
b,c - 
5 
O
O
Br
 
Ph N Ph 
24 60.5 
6 
O
O
Br
 
O
OO
O
O
Bn
Bn
Bn
 
85b,d d.r. = 2:1 - 
7 
OPh
O
Br
 Ph
O
 
90a - 
8 
Ph
O
Br
 Ph
O
 
38 - 
9 N Br 
Ph
O
 
65 - 
10 P
O
OO
I  
Ph
O
 
35e - 
11 P
O
OO
I  
Ph
O
Ph 
33 - 
12 P
O
OO
I  
O
 
35 - 
Reaction conditions: α-Halogen compound (1 mmol) and electrophile (1 mmol) was dissolved in THF (2 mL, [0.5 M]) was slowly 
added at  to a stirring mixture of [0.1 M] SmI2 (1.0 mL) and Mg
0 (0.15 g, 6.25 mmol) in THF (1.0 mL). Reaction determined to 
be completed by TLC chromatography. aIsolated yield unless specified otherwise. bYield determined by 1H NMR analysis. cNot 
specified if cis or trans cinnaldehyde.  bDiasteroisomeric mixture obtained. eDiethyl methyl phosphonate was obtained (25%). 
 
Asymmetric SmI2 reactions  
SmI2 has had widespread use in organic synthesis as a single electron reductant to promote both one 
electron and two electron reactions. The selectivity of the reagent can be fine-tuned based on the additives 
used. All of this makes it valuable in organic synthesis. The use of chiral additives or auxiliaries to promote 
asymmetric SmI2 reactions has received some attention. The little attention is a result of SmI2 being a 
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superstoichiometric reagent. This requires superstoichiometric amounts of a chiral ligand. The ideal chiral 
ligand should be designed to be easily synthesized and recoverable post SmI2 transformation.  
The first reported use of a chiral ligand for SmI2 promoted reaction was reported by Mikami in 
1998.82 An aromatic ketone, 1.42, was reduced in the presence of SmI2 with a chiral ligand, 2,2’-
bis(diphenylphosphinyl)-1,1’-binapthyl (BINAPO), Figure 12. The resulting ketyl radical reacted with the 
alkene of substituted methyl acrylate, 1.43. Lastly, the alkoxide cyclized with the ester to form the substituted 
and enantioenriched five-membered lactone, 1.44, Scheme 15. 
P
O
P
O
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Ph2
 
Figure 12: Structure of BINAPO 
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Scheme 15: Asymmetric ketyl radical addityion to olefins by Mikami 
 
 
The optimized reaction conditions utilized 2.0 equiv. of SmI2 and BINAPO at -78 ⁰C, Table 13 
Entry 1. When the temperature was lowered to -105 ⁰C, higher enantioselectivity was obtained but at a lower 
yield, Entry 2. Increasing the amount of SmI2 and BINAPO had little effect on increasing the yield and 
enantioselectivity, Entry 3. Reducing the amount of BINAPO reduced the enantioselectivity, Entry 4.  
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Table 13: Optimizing reaction of ketyl radical with olefins 
Entry 
SmI2 
(equiv.) 
BINAPO 
(equiv.) 
Temp. (⁰C) Yield (%)a % eeb Configurationc 
1 2.0 2.0 -78 46 67 S 
2 2.0 2.0 -105 26 74 S 
3 4.0 4.0 -78 39 65 S 
4 2.5 1.0 -78 71 26 S 
Reaction conditions: A mixture of chiral ligand (0.40 mmol) and [0.1 M] SmI2 (8 mL, 0.4 mmol) was added to a solution of 
aromatic ketone (0.20 mmol), methyl acrylate (0.20 mmol), and t-butyl alcohol (0.40 mmol) in THF (2.0 mL, [0.1 M]) at -78 ⁰C. 
Reaction time of 20 minutes. aIsolated yield. bDetermined by chiral capillary GC analysis (CP-cyclodextrin-B-2,3,6,-M-19). 
cAssigned by optical rotation.  
 
A variety of different aromatic ketones can be coupled with methyl acrylates, with or without a 
methyl substitution off the α carbon (R2), Table 14. The yields and d.r. of the reaction were low to moderate. 
The BINAPO was able to impart moderate enantioselectivity.  
 
Table 14: Substrate scope of asymmetric ketyl radical addition to olefins 
Entry 1.42  R2 Yield (%)a 
d.r. 
(cis:trans)b 
% ee 
(cis/trans)c 
1 O
 
H 46 - 67 
2 Me 42 66:34 89/55 
3 Me 16 32:68 62/60d 
4 O
 
H 58 - 62e 
5 Me 46 51:49 77/- 
6 
O
O  
H 57 - 57e 
7 
O
 
H 18 - 63e 
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aIsolated yield. bDetermined by 1H NMR analysis. cDetermined by chiral capillary GC analysis (CP-chirasil-Dex CB). dThe 
reaction was carried out using (R)-2-methoxy-1-phenylethanol as a proton source instead of t-BuOH. eDetermined by chiral 
HPLC analysis (DAICEL CHIRALCEL AS). fNot determined.  
 
The use of chiral proton sources in the SmI2 Reformaksy reduction of α-heterosubstituted ketones, 
1.44, was explored by Takeuchi and Mikami in 1999, Scheme 16.83 Several similar chiral proton sources 
were explored. The best was determined to be (R)-2,2’di[(S)-2-hydroxy-2-phenylethoxy]-1,1’-binapthyl 
((R,S)-DHPEB), Figure 13. The optimized condition was determined to be 2.0 equiv. of the chiral proton 
source, 2.4 equiv. SmI2, at -45 ⁰C for two hours. The enantioenriched ketone, 1.45, was isolated in a 70% 
yield with 87% ee. Several substitutions off the aromatic ring were screened and they provided high yields 
and % ee, Table 15. 1-Naphthyl substituted was the only one that failed to achieve high levels of 
enantioselectivity, Entry 8.  
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Scheme 16: SmI2 Reformatsky reduction and protonation by chiral proton source. 
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Figure 13: Structure of (R,S)-DHPEB 
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Table 15: The effect of aromatic substitution on the enantioselective protonation 
 
Entry Ar X Yield (%)a % eeb 
1 Ph OMe 70 87 
2 Ph Br 87 91 
3 Ph Cl 79 82 
4 Ph OAc 83 83 
5 p-MeO-C6H4- OMe 79 87 
6 p-Me-C6H4- OMe 75 94 
7 p-Cl-C6H4- OMe 78 83 
8 1-Naphthyl OMe 81 16 
9 2-Naphthyl OMe 86 90 
10 p-Me-C6H4- Br 84 92 
11 p-Cl-C6H4- Br 77 84 
Reaction Conditions: Substrate (1 equiv.), SmI2 (2.4 equiv.), (R,S)-DHPEB (2.0 equiv.), -45 ⁰C. Reaction time of two hours. 
aIsolated yield. bDetermined by HPLC analysis using DAICEL CHIRACEL OD-H (Entry 1-6, 9, and 10) and OJ (Entry 7, 8, 
and 11). 
 
 
Instead of the addition of a chiral ligand, Fukuzawa in 2000 used a chiral auxiliary. Evan’s chiral 2-
oxazolidinones and Davies’ 5,5-disubstituted SuperQuat was utilized in the asymmetric intermolecular 
Reformatsky reaction of α-bromo esters, 1.46, with aldehydes, 1.47, Scheme 17. The yields and % de of the 
β-hydroxyester, 1.48, varied with the substitution off the aldehyde and which 2-oxazolidinone employed, 
Table 16.  
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Scheme 17: Asymmetric intermolecular Reformatsky reaction of α-bromo esters with aldehydes 
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Table 16: Substitution of the Aldehyde in the asymmetric Reformatsky reaction of α-bromo esters with 
aldehydes 
 
Entry R1 R2 Yield (%)a % de 
1 1 Pr 92 83 
2 2 Pr 88 80 
3 3 Pr 90 78 
4 1 Et2CH- 85 86 
5 1 C6H11 78 84 
6 1 Bu 87 >99 
7 1 C7H15 81 82 
8 1 PhCH2CH2 67 86 
9 1 Ph 67 64 
10 4 Pr 64 98 
11 4 Bu 66 >96 
12 4 C7H15 55 94 
13 4 Ph 87 49 
14 5 Pr 32 90 
15 5 Bu 60 99 
16 5 C7H15 42 70 
17 5 Ph 32 >99 
Reaction conditions: SmI2 (2.2 mmol), R1 (1.00 mmol), aldehyde (1.00 mmol), THF (23 mL). Reaction 
temperature: -78 ⁰C. Reaction time: two hours. aIsolated yield.  
 
Recently in 2017, Procter reported the use of a chiral ligands to impart enatiocontrol on a ketyl 
alkene, 1.49, cyclization, Scheme 18.84 Procter screen several different ligands and determined that the 
tripodant aminodiol, 1.51, was the ideal chiral ligand. The optimized reaction conditions were determined to 
be 2.2 equiv. of SmI2, 2.25 equiv. of the chiral ligand, 2.2 equiv. of MeOH, reaction temperature of -70 to -
25 ⁰C (depending on the substrate), and a reaction time of twelve to thirty-six hours. The scope of the ketyl 
cyclization was explored, Scheme 19, and the yields, d.r., and e.r’s were all moderate to high and varied 
depending on the substrate. The asymmetric SmI2 promoted ketyl cyclization was extended to a ketyl 
cyclization cascade reaction to form fused cyclopentane rings, Scheme 20.  
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Scheme 18: Asymmetric SmI2 promoted ketyl cyclization reaction by Procter 
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Scheme 19: Scope of asymmetric SmI2 promoted ketyl cyclization by Procter84 
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Scheme 20: Scope of Asymmetric SmI2 promoted ketyl cyclization cascade by Procter84  
 
EPR Spin Trapping Study 
In 2011 Sono reported the first use of radical spin traps to trap intermediates generated by SmI2 
radical cyclization.85 The spin trapped intermediate was analyzed using electron paramagnetic resonance 
(EPR). The hyperfine coupling of the resulting spectrum gives insight into the identity of neighboring atoms. 
The intramolecular coupling of α,β-unsaturated methyl ester with a ketone carbonyl was studied, 1.52. There 
were two possible mechanistic pathways. The first being ketyl-alkene coupling. This involves the reduction 
of the carbonyl first, 1.54, and subsequent radical coupling of the ketyl intermediate with the electron 
deficient alkene. After another single electron reduction (SER) the resulting enolate, 1.55, will tautomerize 
to the ester, 1.56, after an aqueous workup. The second mechanism pathway is the reduction of the electron 
deficient alkene. 1.53. The resulting radical undergoes radical coupling with the ketone. Following a SER, 
the resulting enolate, 1.55, will tautomerize to the ester, 1.56. These two pathways can be seen in Scheme 
21.  
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Scheme 21: Two possible mechanistic reduction-cyclization pathways 
 
With the two possible mechanism pathways that involve a different functional group that is reduced 
first, two different spin trapped species with 5,5-dimethyl-1-pyrroline-N-oxide (DMPO), Figure 14, are 
possible, Figure 15. The reaction was carried out in the presence of DMPO. After addition of SmI2 to a 
solution of the substrate and DMPO the EPR spectrum was acquired. The results, both the measured and 
simulated EPR spectra, indicated the predominate pathway is the reduction of the α,β-unsaturated methyl 
ester first. The use of spin trapping and subsequent measure of the EPR spectrum can provide great insight 
into future SmI2 mediate reactions to understand the initial functional group being reduced.  
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Figure 14: Structure of DMPO spin trap 
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Figure 15: Two different spin trapped products 
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Additional Samarium Reagents 
Samarium diiodide is not the only divalent samarium reagent that can be easily prepared under innert 
atmosphere. Organosamarium reagents that have nucleophilic properties, analogous to Grignard reagents, 
have been synthesized. In 1971 Evans reprted the synthesis of phenylsamarium iodide (PhSmI) from Sm0 
and iodobenzene.86 This procedure required initiation with iodine and slightly elevated temperatures (30 ⁰C). 
PhSmI was tested to confirm the identity of the species. The tests conducted were the Grignard addition to 
ketones and hydrolysis with water. These two tests were successful. Using magnetic susceptibility 
measurements, it was determined that 50% of the total Sm present was in the divalent state and the remaining 
50% was in the trivalent state.  
Fukuzawa, in 1986, was able to react methyl β-bromopropionate, 1.57, with lanthanide metals 
producing a Grignard-like reagent, 1.58.87 These Grignard-like reagents would then undergo nucleophilic 
addition to a ketone, 1.59, and subsequent cyclization to produce a lactone, 1.60, Scheme 22. The reaction 
produced the pinacol coupled byproduct, 1.61, in addition to the γ-lactone. The yields were moderate and 
with low amounts of the pinacol byproduct, Table 17. Sm metal was only used when the ketone was 
acetophenone, Entry 1. Initiating the reaction was analogous to PhSmI by Evans and required cat. iodine. 
The exothermic reaction started within a few minutes, after which the ketone was added.   
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Scheme 22: Synthesis of γ-lactones from methyl β-bromopropionate with lanthanide metals by 
Fukuzawa 
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Table 17: Reaction of ketones with methyl β-bromopropionate promoted by Lanthanide metals 
Entry Ketone 1.60 Yield (%)a 1.61 Yield (%)a 
1 
O
Ph  
68-71b 18-20c 
2 
O
Ph Ph 
46d - 
3 
O
 
51d - 
4 
O
 
61d 20c 
5 
O
 
60d 15c 
6 
O
 
55d 32c 
7 
O
 
69d - 
Reaction conditions: methyl β-bromopropionate (4 mmol), Ln (4 mmol), THF (10 mL, [0.4 M]), 25 ⁰C for two hours. aIsolated 
yields. bLa, Ce, Nd, and Sm were employed as Ln. cDetermined by GC. dOnly Ce was used as Ln.  
 
 
In 1992 both Curran and then Kagan reported the formation of trivalent organosamarium reagents 
that behaved like Grignard reagents. Curran reported the reduction of an aromatic-iodine bond of 2-
iodophenyl prop-2-en-1-yl ether, 1.62. After which, the resulting intermediate underwent intramolecular 
radical cyclization with an alkene.88 The resulting primary radical, 1.63, was reduced to the anion and 
subsequently underwent nucleophilic addition to an electrophile. The electrophile was added after 1.62 
reacted with SmI2, Scheme 23.  
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Scheme 23: SmI2 promoted cyclization followed by nucleophilic addition of an electrophile  
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To gain more insight into the reaction 3-(iodomethyl)-2,3-dihydro-1-benzofuran, 1.66, was subject 
to both “Samarium Barbier”, addition of substrate and electrophile to SmI2 solution, and “Samarium 
Grignard”, addition of the substrate to the SmI2 solution followed by addition of the electrophile, Scheme 
24. The Grignard conditions slightly outperformed the Barbier conditions with dialkyl ketones and was vastly 
superior with more easily reducible aldehydes and ketones. These reactions produced similar yields to the 
initial reaction with 1.62.  
O
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Scheme 24: Samarium Barbier and Grignard reaction with electrophiles. 
 
 
With a small change to the substrate, 1.68, a tertiary radical would be generated. After quenching 
the reaction with D2O or with an electrophile, no incorporation of the D was detected in significant quantities. 
A mixture of two product was isolated in a ratio of 60/40. Without any significant incorporation of D2O 
(<5%), it was determined that the tertiary radical disproportionated into the two products. Due to the 60/40 
ratio of the products, the radical may also be abstracting a hydrogen atom from the THF solvent.  
O
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Scheme 25: Reductive cyclization and generation of tertiary radical without any D incorporation  
 
 
Kagan reported the synthesis of benzylic, 1.72, and allyic organosamarium, 1.74, compounds 
utilizing samarium dicyclopentadienyl (SmCp2).89 SmCp2 is generated from the reaction of SmI2 with sodium 
cyclopentadienyl (NaCp). The reaction of two equivalents of SmCp2 with benzyl chloride, 1.71, or allyl 
chloride, 1.73, generated the trivalent organosamarium reagents, Scheme 26.  
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Scheme 26: Generation of trivalent organosamarium reagents from SmCp2 and benzyl or allyl chloride  
 
Similar to the work reported by Curran, the trivalent benzylic or allylic organosamarium reagents 
were reacted with either D2O or an electrophile, Scheme 27. Both the D2O and the E+ could be incorporated 
into the product.  
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Scheme 27: Reaction of benzylic or allyic organosamarium reagents with either D2O or an electrophile 
 
AllylSamarium Bromide 
Zhang reported the use of the divalent organosamarium reagent allylSmBr in 1996. The reagent was 
generated prior to addition of the substrate by reacting allyl bromide, samarium metal, and catalytic amounts 
of iodine for one hour. This produced a dark purple color, analogous to the color of HMPA to SmI2. 
AllylSmBr was reacted with N-aminoalkylbenzotriazoles, 1.75, resulting in homoallyl amines, 1.76, Scheme 
28.90 The allylSmBr reagent behaved as a Grignard reagent and not as a single electron reductant. 
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Scheme 28: Reaction of allylSmBr with N-aminoalkylbenzotriazoles by Zhang 
 
The yields of the allylation were good to excellent and produced only the mono allylated product, 
Table 18. Allylation of the benzotriazole (Bt) substrates was accomplished with mild conditions, room 
temperature and slight excess of organosamarium reagent, and short reaction times, one hour or less.  
 
Table 18: Results of the allylation of N-aminoalkylbenzotriazoles with allylSmBr  
Entry 1.75 1.76 Yield (%)a 
1 NH
Bt
Ph NHPh 
90 
2 
NH
Bt
Cl
 
NH
Cl
 
89 
3 
NH
Bt
 
NH
 
93 
4 
NH
Bt
 
NH
 
91 
5 
NBt
Ph  
N
Ph  
87 
6 NH
Bt
Bn NH
Bn 
88 
41 
7 
Ph
NH
Bt
Ph 
Ph
NH
Ph 
76 
8 
Ph
NH
Bt
Cl  
Ph
NH
Cl  
72 
Reaction Conditions: Samarium (1 mmol) and allylbromide (1.25 mmol) in THF (10 mL, [0.1 M]) was stirred for 1 hour at 25 
⁰C under N2 atmosphere. Substrate (1 mmol) added and reaction stirred for 0.5 to 1 hour. 
aIsolated yield. Bt = benzotriazole 
 
 
Zhang extended this methodology to N-(α-aminoalkyl)benzotriazole and N-(α-
sulfonamidoalkyl)benzotriazoles, 1.77, in 2003.91 Similar to the previous study on the allylation of 1.75, the 
allyl group displaced the Bt group, Scheme 29. The products were isolated in good to excellent yields, Table 
19. There was no reported reduction of the amide bond or addition of the organosamarium reagent to the 
amide. It was noted that when R1 or R2 was an alkyl group the only product isolated was the reductive 
elimination of the Bt group, Entry 3-4.  
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Scheme 29: Reaction of allylSmBr with α-benzotriazole amides 
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Table 19: Allylation of N-(α-aminoalkyl)benzotriazoles and N-(α-sulfonamidoalkyl)benzotriazoles 
with allylSmBr 
Entry 1.78 Yield (%)a 
1 
NH
O
 
74 
2 
NH
O
O
 
69 
3 N
O
H
 
76 
4 
NH
O
 
82 
5 
NHS
O
O
 
96 
6 
NHS
O
O
 
96 
43 
7 
n-Pr
NHS
O
O
 
95 
8 
i-Pr
NHS
O
O
 
93 
9 
t-Bu
NHS
O
O
 
92 
10 
NHS
O
O
 
97 
 aIsolated yield.  
 
The reaction of Bt containing compounds with allylSmBr was further explored by Wang in 2010 
and 2013. The reaction of bis(benzotriazolyl)arylmethane, 1.79, with allylSmBr resulting in mixture of 3-
aryl-1,2,4-benzotriazine, 1.80, and benzyl benzotriazole, 1.81, Scheme 30.92 The synthesis of 1.80 was 
accomplished with very mild conditions compared to previously reported procedure.93,94 The yields and 
selectivity of the two products varied broadly on the substitution off the aromatic ring, Table 20. Only 
aromatic substitutions were screened.  
The reaction was proposed to undergo a ring opening rearrangement via reduction. The 
bis(benzotriasolyl)methylarene, 1.79, was subjected to basic conditions and to allylmagnesium bromide 
without any ring opening product formation. This removed the likelihood of a carbanion intermediate. It was 
proposed to undergo a radical ring opening mechanism.  
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Scheme 30: Synthesis of 3-aryl-1,2,4-benzotriazines from bis(benzotriazolyl)arylmethane and 
allylSmBr 
 
Table 20: Results of reaction of allylSmBr with bis(benzotriazolyl)arylmethanes 
Entry Product 1.80 Yield (%)a 1.81 Yield (%)a 
1 
N
N
N
Ph  
40 49 
2 
N
N
N
 
43 45 
3 
N
N
N
O  
65 Traceb 
4 
N
N
N
Cl  
29 60 
45 
5 
N
N
N
Br  
56 39 
6 
N
N
N
F  
44 45 
7 N
N
N
 
51 42 
8 N
N
N
O
 
55 37 
9 
N
N
N
Cl  
Traceb 68 
10 
N
N
N
Br  
54 Traceb 
Reaction conditions: To a [0.125 M] solution of allylSmBr (2.5 mmol) was added bis(benzotriazoyl)methylarene (1.0 mmol). 
Reaction time was one hour. aIsolated yields. bDetected by GC-MS 
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The reaction of bis(benzotriazoyl)methylarenes with allylSmBr was further expanded upon by 
Wang in 2013.95 A modified procedure utilizing four equiv. of HMPA to enhance the reduction potential of 
the allylSmBr reagent, similar to the enhancement of the reduction potential of SmI2. This resulted in an 
increased yield, 67%, of 1.80 and 25% 1.81. Compared to 40% yield of 1.80 and 49% yield of 1.81 that was 
obtained previously without HMPA. The use of HMPA additive had a marked impact on the yields of the 
reaction with various aromatic substitutions, Table 21. 
 
Table 21: Results of aromatic substitutions on bi(benzotriazolyl)methylarene reaction with allylSmBr 
with HMPA additive 
Entry Aromatic Ring Yield 1.80 (%)a Yield 1.81 (%)a 
1 
R
 
67 (40) 25 (49) 
2 
R
 
61 (43) 35 (45) 
3 
R
 
65(51) 30 (42) 
4 
R
O  
77(65) 18 (trace) 
5 
R
O
 
68 (55) 23 (37) 
6 
R
O
 
65 (50) 26 (32) 
7 
R
Cl  
52 (29) 32 (60) 
47 
8 
R
Br  
70 (56) 19 (39) 
9 
R
Br  
68 (54) 20 (trace) 
10 
R
F  
59 (44) 20 (45) 
11 
R
 
45 (25) 21 (24) 
12 
R
Cl  
33 (0)b 25 (68) 
13 
R
N  
-c -c 
14 
R
O2N  
-d -d 
15 
O R
 
45 5 
Reaction conditions: substrate (1 mmol), [0.088 M] allylSmBr (2.2 mmol), HMPA (8.8 mmol) in THF (20 mL). Reaction time 
of one hour. aIsolated yields. Yields in parentheses referred to those obtained without the use of HMPA additive. bNo reductive 
rearrangement product was detected. cNo reaction. dMultiple products that were unable to be separated. 
 
Aliphatic gem-dibenzotriazolyl substrate, 1.82, was reacted with allylSmBr without HMPA additive 
and two products were obtained. The reaction produced a minor product from elimination and reduction of 
the Bt group, 1.84, and the major product from the addition of the allyl group and removal of a Bt group, 
1.83, Scheme 31. When HMPA was added only 1.84 was obtained. In both cases the ring expanded Bt 
product was observed.  
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Scheme 31: Reaction of aliphatic gem-dibenzotriazolyl with allylSmBr with and without HMPA 
additive 
 
To gain insight into the potential radical process, and gain some mechanistic insight, a cyclopropyl 
substituent, 1.85, was introduced and reacted with allySmBr with and without HMPA, Scheme 32. The 
cyclopropyl ring opened product, 1.88, was isolated when HMPA was used as an additive in a 9% yield. The 
ring expanded product, 1.89, was only isolated with HMPA additive was utilized.  
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Scheme 32: Reaction of cyclopropyl substrate with allylSmBr with and without HMPA additive 
 
Lastly, Wang studied the reaction of 1.77 with allylSmBr without and with HMPA additive, Scheme 
33. When there was no HMPA additive, the Bt was replaced with an allyl group in a 74% yield, similar yield 
to Entry 1 Table 19. When HMPA was utilized as an additive the Bt group was eliminated and reduced. 
From there, the substrate dimerized, 1.90, in an 85% yield.  
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Scheme 33: Reaction of N-((1H-benzo[d][1,2,3]triazol-1-yl)-(phenyl)methyl)benzamide with allylSmBr 
with and without HMPA additive. 
 
Zhang, in 1997, reported the allylation of diselenides, 1.91, disulfides, 1.93, and nitriles, 1.95, with 
allylSmBr.96–98 These reactions were accomplished in one to two hours at either room temp. (23 ⁰C) or 
refluxing THF. The allylated products were isolated in good to excellent yields, Table 22, Table 23, and 
Table 24. 
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Scheme 34: Allylation of diselenides, disulfides, and nitriles 
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Table 22: Results of allylation of diselnides with allylSmBr 
Entry 1.92 Reaction Temp. Yield (%)a 
1 SePh  
r.t. 80 
2 
Se
Cl  
r.t. 82 
3 
Se
 
r.t. 81 
4 
Se
 
r.t. 78 
5 
Se
H3C(H2C)5  
Reflux 64 
6 
Se
H3C(H2C)3  
Reflux 61 
7 Se
 
Reflux 58 
8 Se
 
reflux 57 
Reaction Conditions: Samarium (1 mmol) and allylbromide (1.25 mmol) in THF (10 mL, [0.1 M]) was stirred for 1 hour at 25 
⁰C under N2 atmosphere. Substrate (1 mmol) added and reaction stirred for 1 hour at either r.t. or reflux. 
aIsolated yield. 
 
Table 23: Results of allylation of disulfides with allylSmBr 
Entry 1.94 Reaction Time (hr.) Yield (%)a 
1 SPh  
1 86 
2 SBn  
1 80 
3 
S
 
1 83 
4 
S
Cl  
1 89 
5 
S
N
+O
-
O  
1 88 
6 
S
Cl
 
1 84 
7 
S
n-C16H33  
2 76 
8 
S
n-C8H17  
2 72 
51 
9 
S
n-C7H15  
2 71 
10 
S
n-C6H13  
2 66 
Reaction Conditions: Samarium (1 mmol) and allylbromide (1.25 mmol) in THF (10 mL, [0.1 M]) was stirred for 1 hour at 25 
⁰C under N2 atmosphere. Substrate (1 mmol) added and reaction stirred for 1 to 2 hours at reflux. 
aIsolated yield. 
 
Table 24: Results of allylation of nitriles with allylSmBr 
Entry 1.96 Yield (%)a 
1 
Ph
NH2
 
78 
2 
NH2
 
81 
3 
NH2
 
74 
4 
Bn
NH2
 
69 
5 
NH2
 
66 
6 
NH2
S
O
O
 
77 
7 
NH2
S
O
O
 
71 
Reaction Conditions: Samarium (1 mmol) and allylbromide (1.25 mmol) in THF (10 mL, [0.1 M]) was stirred for 1 hour at 25 
⁰C under N2 atmosphere. Substrate (1 mmol) added and reaction stirred for 2 hours. 
aIsolated yield. 
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In 2000, Huang reported the synthesis of allyl selenides, 1.98, utilizing allylSmBr and alkyl 
selenocyanate, 1.97, Scheme 35.99 This provide to be more efficient at synthesizing alkyl selenides than the 
reaction of dialkyl diselenides with allylSmBr. The products were isolated in high yields, Table 25. The 
reaction conducted at 23 ⁰C, instead of refluxing temperature, for one hour.  
AllylSmBr
THF
R
Se
N R
Se
R = alkyl 
87-95%
1.97 1.98
 
Scheme 35: Reaction of alkyl selenocyanate with allylSmBr 
 
Table 25: Allylation of alkyl selenocynated with allylSmBr 
Entry R Yield (%)a 
1 n-heptyl 95 
2 n-octyl 92 
3 n-decyl 88 
4 n-undecyl 91 
5 n-dodecyl 95 
6 n-tetradecyl 89 
7 n-hexadecyl 87 
Reaction conditions: Solution of substrate (0.60 mmol) in THF (2 mL) was added to [0.12 M] solution of allylSmBr (1.2 mmol). 
Reaction temperature of 25 ⁰C. Reaction time of one hour. aIsolated yield.  
 
In 1998, Zhang reported the allylation of aromatic isocyanates and isothiocyanate with allylSmBr, 
Scheme 36.100 This resulted in aromatic butenamides and thiobutenamide containing the allyl functional 
group in good to excellent yields, Table 26. The allylation was carried out under mild conditions, at room 
temperature, with two equiv. of allylSmBr. Similar to the previous reports, the allylSmBr was generated, 
similar to Grignard reagents, prior to addition of the substrate.  
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AllylSmBr
THF
NCO
NCO
NH O
NH
O
R NCO
AllylSmBr
THF
R
NH
O
Ph NCS
AllylSmBr
THF
Ph
NH
S
82%
68%
1.99 1.100
1.101 1.102
1.103 1.04
 
Scheme 36: Reaction of aromatic isocyanates and isothiocyanate with allylSmBr 
 
Table 26: Allylation of aromatic isocyanates with allylSmBr 
1.103 Ph p-MeC6H4 p-O2NC6H4 1-napthyl 
Yield (%)a 86 79 87 92 
aIsolated yield. 
 
Substuted nitroalkenes, 1.105, were able to be allylated by allylSmBr, Scheme 37, 101 AllylSmBr 
was selective for only the 1,4-addition and no 1,2-addition was observed. This yielded 4,5-unsaturated 
nitroalkenes, 1.106, in moderated to good yields,  Table 27. The products were isolated in low yields, Entry 
6 and 8. Otherwise, the products were isolated in high yields.  
 
AllylSmBr
THFNO2
R
NO2
R
1.105 1.106
 
Scheme 37: Allylation of nitroalkenes with allylSmBr 
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Table 27: Results of allylation of nitroalkenes with allylSmBr 
Entry 1.105 Reaction Time (hr.) Yield (%)a 
1 Ph 1.5 89 
2 m-BrC6H4 1.5 90 
3 p-MeOC6H4 2 81 
4 p-ClC6H4 2 88 
5 2,4-Cl2C6H4 2 85 
6 p-NO2C6H4 2 48 
7 α-C4H3O (furyl) 2 83 
8 Me2CHCH2 3 55 
Reaction Conditions: Samarium (2.2 mmol) and allylbromide (3 mmol) in THF (10 mL, [0.1 M]) was stirred for 1 hour. Substrate 
(2 mmol) added and stirred for 1.5-3 hours. aIsolated yield. 
 
The reaction of carbon nitrogen double bond, such as imines and iminiums, with allylSmBr was 
reported by both Zhang and Yanada in 1999. Zhang reported the reaction of α-chloro amides, 1.107, which 
was proposed to form an in situ iminium by elimination of the α-chloride anion. From there the iminium 
would undergo allylation by allylSmBr yielding the α-allylated amide, 1.108, Scheme 38.102 Addition of the 
amide to a solution of allylSmBr. After one hour of stirring, the reaction was complete. The yields were low 
to good and allowed for different aromatic or alkyl substitutions. The allylSmBr reagent was able to contain 
a chloride that was incorporated into the final product on the terminal alkene.  
THFR
1
Cl
N
OR
2
R
3
R
1
N
OR
2
R
3
X
X = H or Cl
R1, R2, R3 = aromatic or alkyl
38-84%
Sm
Br
X
1.107 1.108
 
Scheme 38: Reaction of α-chloroamides with allylSmBr 
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In 1996, Zhang reported the allylation of simple imines utilizing allylSmBr, Scheme 39.103 Both 
aldimines and ketimines, 1.109, were able to be allylated to the amine, 1.110, in good yields, Table 28. This 
protocol allowed for quick allylation of imides.  
 
N
R
3
R
1
R
2
AllylSmBr
THF R
1
R
2
NH
R
3
1.109 1.110
 
Scheme 39: Allylation of imines with allylSmBr 
 
Table 28: Substrate scope of reaction imines with allylSmBr 
Entry 1.110 Yield (%)a 
1 NH
 
80 
2 
NH
Cl  
71 
3 NH
Br
 
74 
56 
4 
NH
OMe  
72 
5 
NH
 
66 
6 NH
 
67 
7 
NH
S
 
52 
Reaction Conditions: A [0.5 M] solution of substrate (1 mmol) dissolved in THF (2 mL) was added to a [1.25 M] solution of 
allylSmBr (1.25 mmol). Reaction time of one to two hours. aIsolated yields.  
 
 
Yanada reported the diastereoselective allylation of optically active imines, 1.111, utilizing 
samarium metal, catalytic iodine, and allylbromides, Scheme 40.104 AllylSmBr underwent diastereoselective 
allylation to generate allylated amines, 1.112 and 1.113. The allyl bromide was not reacted with the Sm metal 
prior to addition of the imine. Instead of generating the organosamarium reagents prior to substrate addition, 
the reagents were generated in situ and quickly reacted with the imine. The reaction conditions were similar 
to several other reported methods for generation of allylSmBr. This included the standard color change of 
the reaction from yellow to dark purple. Multiple different chiral amino alcohol, ethers, and ester was 
screened to determine the optimal chiral auxiliary, Table 29. After the optimized condition was determined 
it was extended to other aromatic imines, Table 30, and from allylbromide to other alklyl and benzyl halides. 
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These included methyl iodide (MeI), ethyl idodide (EtI), n-propyl iodide (n-PrI), isopropyl idodide (i-PrI), 
benzyl bromide (BnBr), and benzyl chloride (BnCl). All of these halides were successfully added to the chiral 
imines, with high diastereoselectivity, except for the BnCl.  
 
AllylSmBr
THF
Ph
N R*
Ph
NH
R*
Ph
NH
R*
+
S
R
1.111 1.112 1.113
 
Scheme 40: Diastereoselective allylation of optically active imines 
 
Table 29: Optimizing chiral auxiliary group with allyl halides, Sm metal, and cat. iodine 
Entry R* R-X Yield (%)a S:R ratiob 
1 
i-Pr
OMe
O
 
Br
 
-c - 
2 
i-Pr
OH 
Br
 
47 62:38 
3 
i-Pr
OMe 
Br
 
85 96:4 
4 
i-Pr
OMe 
I
 
-c - 
5 
i-Pr
OMe 
BrPh
 
-c - 
6 
i-Pr
OMe 
Br
 
-c - 
7 
i-Pr
OBn 
Br
 
79 97:3 
8 
Et
OMe 
Br
 
73 7:93 
9 
OMe 
Br
 
74 90:10 
10 
OMe
Ph
 
Br
 
75 91:9 
58 
11 
Ph
OMe 
Br
 
77 <1:>99 
Reaction Conditions: Imine (0.30 mmol), Sm0 (0.63 mmol), iodine (0.03 mmol), and R-X (0.60 mmol) were stirred in THF (2.0 
mL) for 30 minutes. Reaction color quickly turned purple and then went dark blue-green. aIsolated yield. bDetermined by crude 
1H NMR. cComplex mixture of products 
 
Table 30: Aromatic substitution on chiral imines 
AllylSmBr
THF
R
N R*
R
NH
R*
R
NH
R*
+
S
R
 
Entry R Yield (%)a S:R Ratiob 
1 4-NC-C6H4 - - 
2 4-MeO-C6H4 93 97:3 
3 2-MeO-C6H4 77 99:1 
4 1-Naphthyl 62 92:8 
Reaction Conditions: Imine (0.30 mmol), Sm0 (0.63 mmol), iodine (0.03 mmol), and R-X (0.60 mmol) were stirred in THF (2.0 
mL) for 30 minutes. Reaction color quickly turned purple and then went dark blue-green. aIsolated yield. bDetermined by crude 
1H NMR. 
 
The reaction of allylSmBr with α,β-unsaturated esters was reported by Zhang in 2000.105 When the 
unsaturated ester was monocarboxylated, 1.114, the substrate underwent 1,2-addition of the allyl group when 
only one equiv. of allylSmBr was utilized. This resulted in a ketone, 1.115, that was not reduced or diallylated, 
Scheme 41. The substitutions on the unsaturated ester ranged from alkyl to aromatic. The methyl ester proved 
to be optimal over other alkyl groups. When this method was extended to unsaturated diesters, 1.116, the 
substrate underwent 1,4-addition of the allyl group. The yields ranged from moderate to good. 
 
R
1
O
O
R
2
R
1
O
R
1
O
O
R
2
O O
R
2
AllylSmBr 
THF
AllylSmBr 
THF
R
1
O
O
R
2
O O
R
2
54-69%
48-83%
1.114 1.115
1.116 1.117
 
 
Scheme 41: Reaction of α,β-unsaturated esters with allylSmBr 
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This methodology was extended to α,β-unsaturated imines, 1.118, by Zhang in 2002.106 This was 
selective for the 1,2-addition of the allyl group to the imine yielding the allylated amine, 1.119, Scheme 42. 
The yields of the reaction were good to excellent, Table 31. 
 
AllylSmBr 
THF
N
R
2
R
1
NH
R
2
R
1
1.118 1.119
 
Scheme 42: Reaction of α,β-unsaturated imines with allylSmBr 
 
Table 31: Results of allylation of α,β-unsaturated imines 
Entry 1.119 
Reaction Time 
(min.) 
Yield (%)a 
1 
NH
Ph
Ph  
6 95, 80b, 94c 
2 
NH
Bn
Ph  
8 90 
3 
NH
Ph  
7 95 
4 
NH
Ph  
7 95 
60 
5 
NH
Ph
Cl
 
9 88 
6 
NH
Ph
Br
 
9 87 
7 
NH
Ph
O
 
7 92 
8 
NH
Ph  
7 92 
9 
NH
 
9 85 
10 
NH
Br
 
9 86 
Reaction Conditions: Solution of unsaturated imine (1.00 mmol) in THF was added to a [0.75 M] solution of allylSmBr (1.5 
mmol) in THF. aIsolated yield. bReaction temperature was 50 ⁰C. cReaction temperature was -15 ⁰C. 
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Another substrate that underwent 1,2-addition of allylSmBr was unsaturated alkynones, 1.120, 
Scheme 43.107 Allylation proceeded smoothly under mild conditions with good to excellent yields, Table  
32. Only the 1,2-addition product, 1.121, was isolated. 
 
AllylSmBr 
THF
Ph
O
R
Ph
OH
R
82-96%
1.120 1.121
 
Scheme 43: Reaction of α,β-unsaturated alkynones 
 
Table 32: Results of allylation of α,β-unsaturated alkynones with allySmBr 
Entry 1.121 Yield(%)a 
1 
R
 
96 
2 
R
 
94 
3 
R
O  
88 
4 
R
Cl  
95 
5 
R
Cl 
86 
6 
R
Cl
Cl
 
82 
7 
O R
 
88 
8 R 
83 
Reaction Conditions: α,β-unsaturated alkynone (1 mmol), [0.073 M] allylSmBr (1.1 mmol), in THF (15 mL). Reaction time of 
10 minutes. aIsolated yields. 
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Construction of a quaternary carbon center utilizing the reaction of allylSmBr with unprotected 
lactams was reported by Zhang in 2001.108 The reaction of lactams, 1.122, with two equiv. of allylSmBr 
resulted in diallyl heterocycles, 1.123, Scheme 44. Several different lactams were reacted with two equiv. of 
allylSmBr, Table 33. When o-phthalimide and succinimide were reacted with two equiv. of allylSmBr, the 
diallylated hetercyclic product was not obtained, Entry 5-6. This methodology was extended to acyclic 
amides, 1.124, Scheme 45 and Table 34. The reaction of benzamide, 1.124, with two equiv. of allylSmBr 
resulted in the diallyl carbinol, 1.125, in moderate yield. The reaction of substituted acyclic amides with two 
equiv. of allylSmBr resulted in the diallylated amines in moderate yields.  
2 AllylSmBr 
THF
N
H
O
NH
1.122 1.123
 
Scheme 44: Reaction of lactams with two equiv. of allylSmBr 
 
Table 33: Results of diallylation of lactams with allylSmBr 
Entry Product Reaction Time (min.) Yield (%)a 
1 
NH  
5 95 
2 
NH
 
5 90 
3 
NH
NH
 
4 95 
4 
NH
 
5 85 
63 
5 
NH
O
 
4 85 
6 
NH
O
 
5 75 
Reaction Conditions: Lactam (1.00 mmol) added to a solution of [0.1 M] allylSmBr (2.2 mmol). aIsolated yields. 
 
Ph NH2
O
Ph
OH
2 AllylSmBr 
THF
1.124 1.125
 
Scheme 45: Reaction of benzamide with two equiv. of allylSmBr 
 
Table 34: Results of the reaction of acyclic amides with two equiv. of allylSmBr 
2 AllylSmBr 
THFR
1
N
O
R
2
R
3
R
1
N
R
2
R
3
 
Entry R1 R2 R3 
Reaction 
Time (hr.) 
Yield (%)a 
1 CH3 C6H5 H 2 75 
2 CH3CH2 C6H5 H 3 75 
3 CH3CH2 p-ClC6H4 H 4 75 
4 CH3CH2 o-CH3C6H4 H 3 70 
5 C6H5 CH2C6H5 H 3 65 
6 C6H5 p-CH3C6H4 H 4 50 
7 p-CH3C6H4 C6H5 H 4 50 
8 C6H5 CH3CH2 CH3CH2 10 0 
9 C6H5 h H 3 60 
Reaction Conditions: Lactam (1.00 mmol) added to a solution of [0.1 M] allylSmBr (2.2 mmol). aIsolated yields. 
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The methodology of diallylation to heterocyclic carbonyls with allylSmBr extended to lactones by 
Zhang in 2002.109 The lactones, 1.126, underwent diallylation to yield 2,2-diallylethers, 1.127, in good to 
excellent yields, Table 35.  
2 AllylSmBr 
THF
O
O
O
1.126 1.127
 
Scheme 46: Reaction of lactone with two equiv. of allylSmBr 
 
Table 35: Results of diallylation of lactones with allylSmBr  
Entry 1.127 Time (min.) Yield (%)a 
1 
O  
4 95 
2 
O
 
5 90 
3 
O
 
4 95 
4 
O
 
5 85 
5 
O  
4 85 
6 
O
O  
3 95 
Reaction Conditions: Lactam (1.00 mmol) added to a solution of [0.1 M] allylSmBr (2.2 mmol). aIsolated yields. 
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The allylation of gem-diacetates with allylSmBr was reported by Zhang in 2001. The diacetate, 
1.128, underwent monoallylation to the α-allyl acetate, 1.129, in moderate to good yields, Table 36. With 
α,β-unsaturated diacetates, Entry 6-7, no 1,4 addition was detected.  
AllylSmBr 
THF
OAc
AcO
R
AcO
R
42-85%
1.128 1.129
 
Scheme 47: Allylation of gem-diacetates with allylSmBr 
 
Table 36: Allylation of gem-diacetates with allylSmBr 
Entry 1.129 Reaction Time (min.) Yield (%)a 
1 
OAc
 
10 85 
2 
OAc
 
8 82 
3 
OAc
Cl  
15 70 
4 
OAc
O  
15 80 
5 
OAc
O
O
 
20 72 
6 
OAc
 
30 42 
7 
OAc
 
30 48 
66 
8 
OAc
O2N  
- 0b 
9 
OAc
NO2  
- 0b 
Reaction Conditions: A solution of diacetate (1 mmol) in THF (0.5-1.0 mL) was added to a [1.25 M] solution of allylSmBr (1.25 
mmol), in THF.  aIsolated yield. bNo product isolated due to reduction of nitro group.  
 
Oximes, 1.130, undergo diallylation and a Beckman rearrangement with three equiv. of allylSmBr 
to yield diallyl amines, 1.131, Scheme 48.110 Both aldoximes and ketoximes underwent diallylation and 
Beckman rearrangement. Ketoximes required longer reaction times and resulted in lower yields. Overall the 
yields were good to excellent, Table 37.   
 
AllylSmBr 
THF
59-93%
R
1
N OH
R
2
R
1
NH
R
2
1.130 1.131
 
Scheme 48: Allylation of aromatic oximes with allylSmBr 
 
Table 37: Allylation of aromatic oximes with allylSmBr 
Entry 1.131 Reaction Time Yield (%)a 
1 
N
H  
20 min. 91 
2 
N
H  
20 min. 90 
67 
3 
N
H
O
 
20 min. 82 
4 
N
H
Br
 
40 min. 87 
5 
N
H
Cl
 
40 min. 86 
6 
N
H
F
 
30 min. 93 
7 
N
H  
4 hr. 65 
8 
N
H  
4 hr. 68 
9 
N
H
O
 
4 hr. 62 
10 
N
H
Br
 
6 hr. 62 
68 
11 
N
H
Cl
 
7 hr. 59 
12 
N
H
 
30 min. 88b 
13 
N
H  
5 hr. 58b 
Reaction Conditions: Oxime (1 mmol) was added to a [0.165 M] solution of allylSmBr (3.3 mmol) in THF (20 mL). aIsolated 
yield. bFrom the o-methyloxime substrate reacted with 2 equiv. allySmBr 
 
The products from diallylation and Beckman rearrangement of aldoximes can also be synthesized 
by diallylation of formanilides, 1.132, in good to excellent yields, Scheme 49 and Table 38.111 This requires 
only two equiv. of allylSmBr.  
AllylSmBr 
THF
R
N
H
R
N
H
H
O
1.132 1.133
 
Scheme 49: Allylation of formanilides by allylSmBr 
 
Table 38: Results of allylation of substituted formanilides 
Entry 1.133 Reaction Time (hr.) Yield (%)a 
1 
N
H
 
1 95 
69 
2 
N
H
 
2 90 
3 
N
H
 
2 92 
4 
N
H
O
 
2 85 
5 
N
H
O
 
2 90 
6 
N
H
 
2 85 
7 
N
H
 
2 85 
8 
N
H
Br
 
1 90 
9 
N
H
O
 
1.5 85 
70 
10 
N
H
 
2 83 
11 
N
H
 
3 84 
Reaction Conditions: Formanilides (1mmol) added to a [0.11 M] solution of allylSmBr (2.2 mmol) in THF (20 mL). aIsolated 
yield.  
 
Another class of substrates that underwent diallylation with allylSmBr was acyl azides, 1.133. These 
underwent diallylated to yield, in good to excellent yields, gem-diallyl alcohols, 1.134, Scheme 50 and Table 
39.112 The reaction of cinnamoyl azide was selective only for the 1,2 addition and no 1,4-addition was 
observed, Entry 9. 
AllylSmBr 
THFR N3
O
R
OH
1.133 1.134
 
Scheme 50: Diallylation of acyl azides with allylSmBr 
 
Table 39: Results of diallylation of acyl azides with allylSmBr 
Entry 1.134 Reaction Time (min.) Yield (%)a 
1 
OH
 
3 75 
2 
OH
 
3 87 
71 
3 
OH
O
 
3 95 
4 
OH
Cl
 
3 91 
5 
OH
F3C
 
3 95 
6 
OH
 
3 88 
7 
OH
Cl
 
5 90 
8 
OH
O
 
5 98 
9 
OH
 
5 96 
10 
OH
 
10 82 
Reaction Conditions: Acyl azide (1 mmol) added to a [0.11 M] solution of allylSmBr (2.2 mmol) in THF (20 mL). aIsolated yield.  
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AllylSmBr has been utilized as an organometallic nucleophile in the reaction with chlorosilanes, 
Scheme 51.113 Several different chlorosilanes, 1.135, were screened and the yields of the allylsilanes, 1.136, 
were good to excellent, Table 40. Dichlorosilanes were capable of reacting selectivity with allylSmBr as 
well. These dichlorosilanes could be selecitively mono- or diallylated depending on the equiv. of allylSmBr 
employed, Table 41. In addition to mono- or dichlor silanes, trichlorosilanes could be selectivity mono-, di-
, or triallylated with allylSmBr, Table 42. Lastly, the selectivity of silicon tetrachloride being allylated with 
allylSmBr could be controlled, on a larger ten mmol scale, to yield either the mono-, di-, tri-, or tetraallylated 
silane in good to excellent yields, Scheme 52. This organosamarium reagent was able to provide controlled 
introduction of the allylic group to chlorosilanes. This had direct advantage over Grignard reagents, which 
lacked control on di-, tri-, or tetrachlorosilanes. 
AllylSmBr 
THF
R3SiCl
R3Si
1.135 1.136
 
Scheme 51: Allylation of chlorosilanes 
 
Table 40: Reaction of chlorosilanes with allylSmBr 
 
Entry 1.136 Reaction Time (hr.) Yield (%)a 
1 
Ph3Si
 
2.5 97b 
2 Si
Ph
Ph  
1.5 98 
3 Si
Ph  
1.5 99 
4 Si
Ph
H
Ph
 
1.5 96 
5 
Si
Ph
 
2 88 
6 Si
 
2.5 78c 
7 Si
 
2.5 0d 
Reaction Conditions: chlorosilane (1 mmol), allylSmBr (1.1 mmol) in THF. aIsolated yield. bReaction temp. of 65 ⁰C. cReaction 
temp of -10 ⁰C. dComplex mixture of products. 
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Table 41: Reactions of dichlorosilanes with allylSmBr 
Entry 1.136 
Reaction Time 
(hr.) 
AllylSmBr equiv. Yield (%)a 
1 
Si
Ph  
1 2 97 
2 Si
Ph
Cl
 
1 1 95 
3 
Si
Ph
Ph
 
1 2 99 
4 Si
Ph
Cl
Ph
 
1 1 98 
5 Si
 
4 2 90b 
6 
Si
Cl
 
4 1 86b 
Reaction Conditions: chlorosilane (1 mmol), allylSmBr (1-2 mmol) in THF. aIsolated yield. bReaction temp. -10 to 0 ⁰C. 
 
Table 42: Reactions of trichlorosilanes with allylSmBr 
Entry 1.136 
Reaction Time 
(hr.) 
AllylSmBr equiv. Yield (%)a 
1 Si
Ph
 
1 3 97 
2 
Si
Cl
Ph
 
1 2 95 
3 Si
Cl
Cl
Ph
 
0.5 1 99 
74 
4 Si
 
1.5 3 97 
5 
Si
Cl
 
1.5 2 95 
6 Si
Cl
Cl
 
1.5 1 99 
Reaction Conditions: chlorosilane (1 mmol), allylSmBr (1-3 mmol) in THF. aIsolated yield.  
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Scheme 52: Large scale reaction of silicon tetrachloride with various equiv. of allylSmBr 
 
In 2008 and 2009 Zhang reported the facile synthesis of multifunctional compounds from α,α-dihalo 
ketones, 1.137, employing allylSmBr.114,115 When 1.137 was added to organosamarium reagent, the expected 
nucleophilic addition of the allyl group to the carbonyl was isolated, 1.138, Scheme 53. In an attempt to 
improve the reaction, several bases were screened, Table 43. Dimethylformamide (DMF) was determined to 
be the ideal base additive. This had a remarkable impact on the reaction and instead of compound 1.138 being 
isolated, a new compound was isolated, 1.139.  
The proposed mechanism was nucleophilic addition of the allyl group to 1.140. This results in 1.141. 
Following the addition, the base additive coordinates to the samarium metal. This allows for formation of an 
75 
epoxide, 1.142, by elimination of a halogen. The resulting epoxide intermediate underwent rearrangement to 
yield 1.143, Figure 16. 
AllylSmBr 
THF R
1
X
R
2
OH
X
R
1
X
X
O
R
2
1. AllylSmBr 
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R
2
R
1O
X
R
1
X
X
O
R
2
1.137 1.138
1.137 1.139
 
Scheme 53: Reaction of allylSmBr with α,α-dihalo ketones 
 
The yields of the reaction with various substations were low to moderate, Table 44. Several 
substrates did not undergo any reaction, Entry 8-10. Two substrates were isolated with one of the halogens 
reduced, Entry 11-12. 
 
Table 43: Screening of base additive to the allylation of α-dihaloketones 
Entry Base Time (hr.) Yield (%)a 
1 None 12 0 
2 K2CO3 (10 mmol) 24 0 
3 K2CO3 (10 mmol)b 1 39 
4 K2CO3 (10 mmol)b 10 0 
5 K2CO3 (10 mmol)c 12 12 
6 HNEt2(10 mL)d 2 34 
7 NEt3(10 mL)d 1 32 
8 Pyridine (10 mL)d 1 7 
9 NaOH (10 mL)e 10 16 
10 HMPA (10mL)d 0.25 52 
11 DMF (10 mL)d 0.25 54 
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12 DMSO (10 mL)d 0.25 52 
13 CaH2 (10 mmol)f 12 53 
aIsolated yield. bMethanol (10 mL) added in addition. ctert-Butanol (10 mL) added in addition. dDistilled from sodium or CaH2 
under nitrogen. eConcentration not specified. fDMSO (10mL) added in addition.  
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Figure 16: Possible mechanism for reaction of allylSmBr with α,α-dibromoketone  
 
Table 44: Results of substitutions on α,α-dihaloketones reaction with allySmBr and DMF additive 
R
1
X
X
O
R
2
1. AllylSmBr 
2. DMF
R
2
R
1O
X
 
Entry R1 R2 X Yield (%)a 
1 Ph H Br 54 
2 4-MeC6H4 H Br 41 
3 4-FC6H4 H Br 45 
4 4-ClC6H4 H Br 52 
5 4-ClC6H4 H Cl 34 
6 C6H13 H Br 49 
7 Ph Me Br 36 
8 4-O2NC6H4 H Br No RXN 
9 3-O2NC6H4 H Br No RXN 
10 2-ClC6H4 H Br No RXN 
11 Ph Ph Br 0 (67b) 
12 Ph Ph Cl 0 (65b) 
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Reaction conditions: Ssubstrate (1 mmol) added slowly to a solution of [0.11 M] allylSmBr (1.1 mmol). After ten minutes, dry 
DMF (10 mL) added.  aIsolated yield. bYield of recovered starting material with only one halogen.  
 
When potassium carbonate (K2CO3) and MeOH was used a small amount of an additional product, 
1.144, was isolated. When the reaction time was extended to five hours, 1.144 became the major product and 
1.143 was not observed.  This gave access to another rearranged product with multiple functional groups. 
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Scheme 54: Time dependent reaction of allylSmBr with α,α-dibromophenyl ketone 
 
Further exploring the reaction of α-halo carbonyls with allylSmBr, Zhang reported the synthesis of 
dienes and trienes employing allylSmBr in 2010.116 Aromatic ketones bearing an α-halo group, either Br or 
Cl, 1.145, were reacted with allylSmBr to yield diene, 1.146, Scheme 55. Several aromatic ketones were 
screened. The results were low to excellent yields and low E/Z stereochemistry control, Table 45.  
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Scheme 55: Results of substitution on the reaction of α-haloketone with allylSmBr 
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Table 45: Allylation of α-haloketones with allylSmBr to yield dienes 
Entry R1 R2 X Yield (%)a Z/Eb,c 
1 Ph Ph Cl 83 3.4:1 
2 Ph Ph Br 80 5.3:1 
3 4-FC6H4 H Br 97 - 
4 4-ClC6H4 H Br 91 - 
5 4-ClC6H4 H Cl 70 - 
6 Ph H Br 95 - 
7 2-Naphthyl H Br 95 - 
8 4-CH3C6H4 H Br 83 - 
9 4-CH3OC6H4 H Br 40 - 
10 Ph CH3 Br 90 4.9:1 
11 Ph CH3 Cl 85 3.4:1 
12 4-CH3C6H4 CH3 Cl 60 4.2:1 
13 4-CH3OC6H4 CH3 Cl 35 6.0:1 
14 4-ClC6H4 CH3 Cl 75 4.0:1 
15 4-BrC6H4 CH3 Cl 60 3.6:1 
Reaction conditions: α-haloketone (1 mmol) was added to a [0.2 M] solution of allylSmBr (2.0 mmol). Reaction time of 20 to 30 
minutes. aIsolated yield. bStereochemistry assigned based off literature. cRatio determined by 1H NMR. 
 
To broaden the scope of the reaction of α-halo ketones, this methodology of allylation with 
allylSmBr was extended to α-haloesters, 1.147. After the first nucleophilic addition of allylSmBr to the ester, 
the α-bromo ketone would react further with allylSmBr. This resulted in trienes, 1.148, being synthesized, 
Scheme 56, in good yields, Table 46.  
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Scheme 56: Synthesis of trienes by allylation of α-haloesters with allylSmBr 
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Table 46: Results of triene synthesis from α-halo esters utilizing allylSmBr 
Entry 1.148 Yield (%)a 
1 
 
87 
2 
Cl  
93 
3 
 
61 
4 
 
69 
5 
 
51 
6 
n-C6H13
 
70 
7 
 
57b 
8 
OH
 
42c 
Reaction Conditions: Substrate (1.00 mmol) added to a [0.21 M] solution of AllylSmBr (2.1 mmol). Reaction time of 20-30 
mins.  aIsolated yields. bSubstrate was diethyl 2,3-dibromosuccinate. cSubstrate was α-bromo-γ-butyrolactone. 
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Lastly, several additional trienes, 1.150, were synthesized from γ-halo-α,β-unsaturated esters, 1.149, 
Scheme 57. The yields of the trienes were good to excellent, Table 47. After allyl nucleophilic addition(s) 
to the carbonyl, the halogen-carbon bond was reduced, and the samarium monoxide is eliminated to form the 
last alkene.   
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1
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Scheme 57: Reaction of γ-halo-α,β-unsaturated ester with allylSmBr 
 
Table 47: Results of allylation and reduction of γ-halo-α,β-unsaturated esters with allylSmBr 
Entry Product Yield (%)a 
1 
 
75 
2 
F
 
92 
3 
Cl
 
87 
81 
4 
Br
 
85 
5 
Br
 
86 
6 
O
 
73 
7 
 
87 
8 
S
 
83 
9 
O
 
60 
10 
 
81b 
82 
Reaction Conditions: Substrate (1.00 mmol) added to a [0.31 M] solution of AllylSmBr (3.1 mmol). Reaction time of 20-30 mins.  
aIsolated yields. bZ/E configuration not determined. cZ/E ratio of 1:6.4. 
 
Accessing both roles, Grignard reagent and single electron reductant, of allylSmBr is challenging. 
In 2013, Zhang reported the reaction of aldehydes with allylSmBr that utilized both roles to synthesize 
terminal olefins that have been deoxygenated.117 Without any additive the allylSmBr acts as a Grignard 
reagent and allylated the aldehyde, 1.151. From there, the additive activated the carbon-oxygen bond for 
reduction. The result of this would be a terminal olefin, 1.152, Scheme 58. Several additives and reaction 
conditions were screened, Table 48. The optimized additive and reaction conditions were two equiv. of 
(EtO)2P(O)H as an additive, with four equiv. of allylSmBr, at 65 ⁰C, and with a reaction time of twelve hours, 
Entry 13.  
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Scheme 58: Reaction of an aldehyde with allylSmBr and an additive to form a terminal olefin 
 
11 
n-C6H13
 
85c 
83 
Table 48: Additives and reaction conditions screened for the reaction of benzaldehyde with allylSmBr 
Entry Additive (equiv.) 
AllylSmBr 
(equiv.) 
Reaction 
Time (hr.) 
Reaction 
Temp. (⁰C) 
Yield 1.152 
(%)a 
1 Ph3P (1) 3 24 25 0 
2 (EtO)3P (1) 3 24 25 0 
3 (EtO)3PO (1) 3 24 25 0 
4 
(EtO)3P(O)CH2COOEt 
(1) 
3 24 25 0 
5 (PhO)2P(O)H (1) 3 24 25 12 
6 (EtO)2P(O)H (1) 3 24 25 23 
7 (EtO)2P(O)H (1) 3 6 65 48 
8 (EtO)2P(O)H (1) 3 12 65 51 
9 (EtO)2P(O)H (1.5) 3 12 65 55 
10 (EtO)2P(O)H (2) 3 12 65 64 
11 (EtO)2P(O)H (2) 3 18 65 56 
12 (EtO)2P(O)H (2) 2 12 65 23 
13 (EtO)2P(O)H (2) 3 12 65 64 
Reaction conditions: A [0.17 M] solution of aldehyde (0.5 mmol) in THF (3 mL) added to a [0.5 M] solution of allylSmBr. 
aIsolated yield.  
 
The scope of the reaction was broad and many different aldehydes with different functional groups 
were tolerated with moderate to good yields, Table 49. Of note is when a ketone substrate was reacted to the 
optimized conditions and additive a diene was isolated in good yield, Entry 21-22.  
 
84 
Table 49: Scope of reaction of carbonyls with allylSmBr and (EtO)2P(O)H  
Entry 1.152 Yield (%)a Entry 1.152 
Yield 
(%)a 
1 
 
64 12 
Cl
 
60 
2 
 
75 13 
Cl
Cl  
68 
3 
O  
79 14 
 
88 
4 
S  
83 15 
 
85 
5 
 
70 16 
 
62 
6 
 
66 17 
 
71 
7 
 
63 18 
 
42 
8 
O
O  
69 19 
 
51 
9 
O
O  
76 20 
 
42 
10 
Cl  
59 21 
 
91 
85 
11 
Br  
55 22 
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Reaction Conditions: A [0.17 M] solution of aldehyde (0.5 mmol) in THF (3 mL) added to a [0.5 M] solution of allylSmBr (1.5 
mmol). Refluxed at 65 ⁰C for twelve hours. aIsolated yield.  
 
Accessing just the single electron reductant property of allylSmBr can be accomplished with the use 
of additives. The most efficient way is to use a proton source. This will protonate the allyl group and remove 
any Grignard properites.  
Wang reported to use of allylSmBr with HMPA and H2O additive in the ester-alkene radical cascade 
reaction to synthesize 2-(2-hydroxyalkyl)-cyclopropanols, 1.154, Scheme 59.118 The use of HMPA and H2O 
removed the nucleophilic property of allylSmBr and allowed for only the single electron reductive property 
to be utilized. The scope of the reaction was broad for the R1 substitution and other alkyl groups were tolerated 
off of the ester, Table 50. The yields were low to good, but the reaction suffered with low diastereoselectivity.  
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Scheme 59: AllylSmBr-HMPA_H2O radical cascade synthesis of 2-(2-hydroxyalkyl)cyclopropanols  
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Table 50: Scope of the ester-alkene radical cyclization with AllylSmBr-HMPA-H2O 
Entry R1 R2 R3 R4 R 
Yield 
1.154 
(%)a 
d.r.b 
1 C6H5 H H H Me 73 1.5:1 
2 4-MeC6H4 H H H Me 73 2.1:1 
3 4-MeOC6H4 H H H Me 90 1.6:1 
4 2-MeOC6H4 H H H Me 55 2.3:1 
5 
3,4-
(MeO)2C6H4 
H H H Me 39 1.7:1 
6 4-FC6H4 H H H Me 77 2.2:1 
7 4-ClC6H4 H H H Me 40 3.8:1 
8 4-BrC6H4 H H H Me 39 3.0:1 
9 n-Pr H H H Me 67 1.4:1 
10 i-Pr H H H Me 86 1.6:1 
11 Cyclopropyl H H H Me 88 6.7:1 
12 -(CH2)5-  H H Me 90 0.7:1 
13 C6H5 H Me Me Me 82 3.2:1 
14 2-Furyl H H H Me 51 0.7:1 
15 C6H5 H H H Et 57 1.1:1 
16 4-MeC6H4 H H H i-Pr 65 0.5:1 
17 C6H5 Me H H Me 56 1.5:1 
Reaction Conditions: Mixture of substrate (1 mmol), allylSmBr (2.2 mmol), HMPA (10 mmol), and H2O (1 mmol) in THF (20 
mL) was stirred for three hours.  aIsolated yield. bRatio determined by cis:trans based on isolated yields. 
 
Further exploring this radical reaction with other susbtrates lead to isolation, in low yields, of a 
bicyclohexanol product, 1.156, Scheme 60.119 In addition to 1.156, the reduced ester, 1.157, was isolated in 
similar yields. To optimize this protocol several additives were screened, Table 51.  Increasing the equiv. of 
H2O from 1.6 to 3.0 had a negative impact on the reaction, Entry 1-2. Increasing or decreasing the reaction 
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temperature resulting in reduced yield of 1.156, Entry 3-4. Exchanging the H2O for a different proton source 
did not have a positive effect on the yield, Entry 5-9. From there, several inorganic salts were screened, 
Entry 10-14. Of the inorganic salts screened, CuCl2∙H2O provided the highest yield of 1.156, Entry 14.  
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Scheme 60: Intramolecular ester-alkene radical coupling reaction  
 
Table 51: Optimization of the intramolecular ester-alkene radical coupling reaction 
Entry Additive (equiv.) Reaction Temp. (⁰C) Yield 1.156 (%)a 
1 H2O (1.6) 25 60 (46b) 
2 H2O (3.0) 25 0c 
3 H2O (1.6) 40 31 
4 H2O (1.6) 0 36 
5 (EtO)2P(O)H (2.0) 25 Tracee 
6 (EtO)2P(O)H (2.0) 25 46 
7 MeOH (1.6) 25 27 
8 PhOH(1.6) 25 12 
9 NaHCO3(sat. aq.) (1.6) 25 34 
10 FeCl3 (1.0) 25 Trace 
11 LiCl (12) 25 Trace 
12 FeCl3∙6H2O (0.26) 25 28 
13 LiCl/H2O (12/1.6) 25 15 
14 CuCl2∙2H2O (1.6) 25 78 (62b) 
Reaction Conditions: Substrate (0.5 mmol), AllylSmBr (3.3 mmol), HMPA (8 mmol) in THF (15 mL). Stirred for fifteen hours. 
aYields determined by HPLC with naphthalene as an internal standard. bIsolated yields. cNo reaction. dNo HMPA was used.  
 
With the optimized reaction conditions, several substituted 1.156 were prepared in moderate to good 
yields, Table 52. Various substitutions off of the aromatic ring and heteroaromatic rings were tolerated, 
Entry 1-11. Hydrogens were able to be exchanged for methyl groups, Entry 12. In addition, various aliphatic 
and alkene groups were tolerated, Entry 13-20. 
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Table 52: Substrate scope of ester-alkene radical cyclization with allylSmBr-HMPA-CuCl2∙H2O 
Entry Product 
Yield 
1.156 
(%)a 
Entry Product 
Yield 
1.156 
(%)a 
1 
OH
Ph
OH
 
62 11 
OH
OH
O
 
25 
2 
OH
OH
OMe  
92 12 
OH
OH
 
45 
3 
OH
OH
MeO  
88 13 
OH
OH
 
71 
4 
OH
OH
MeO
MeO
 
70 14 
OH
OH
 
76 
5 
OH
OH
 
79 15 
OH
OH
 
83 
6 
OH
OH
Cl  
71 16 
OH
OH
 
68 
7 
OH
OH
Cl
 
60 17 
OH
Bn
OH
 
75 
89 
8 
OH
OH
Cl  
66 18 
OH
OH
 
60 
9 
OH
OH
F  
76 19 
OH
OH
 
52 
10 
OH
OH
Ph  
68 20 OH
OH
 
18 
Reaction Conditions: allylSmBr (3.3 equiv.), HMPA (16 equiv.), CuCl2∙H2O (1.6 equiv.), THF (15 mL). Reaction time of ten 
hours. aIsolated yields.  
 
The role of CuCl2∙H2O is uncertain. When CuCl2∙H2O was reacted with allylSmBr-HMPA, the x-
ray photoelectron spectroscopy (XPS) showed that the Cu(II) was reduced to a low valent copper. It is 
uncertain if its Cu(0) or Cu(I). The XPS of CuCl and Cu(0) with allylSmBr-HMPA were conducted for 
comparison.  
When CuCl2∙H2O was exchanged for CuCl or Cu(0), the yield of the reactions were lower (46% and 
58%). The H2O coordinated to the copper is probable to being playing a role in improving the efficiency of 
the reaction.  
With allylSmBr possessing two different reactive properties, accessing one of the two properties 
selectively opens up new possible reactions. The Gringrad property yields product with the allyl group added, 
1.159. Whereas, the reductive property allows for reductive couplings, 1.160. The Gringard property 
dominates and a protocol for selecting the reductive property over the nucleophile is of great importance due 
to allylSmBr being a much stronger reducing agent compared to SmI2, Scheme 61.  
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Scheme 61: Grignard vs Barbier conditions of carbonyls reacting with allylSmBr 
 
Wang screened several co-solvents/additives in the reaction of benzaldehyde, 1.161, and 
allySmBr.120 Starting with 5 mL MeOH, the pinacol product, 1.162, was isolated in a 50% yield and the 
Barbier product, 1.163, was isolated in a 32% yield, Entry 1. When the amount of MeOH was doubled, only 
trace amounts of the Barbier product was isolated, Entry 2. Doubling the amount of MeOH again decreased 
the yield of the pinacol product, but it was still higher than with only 5 mL of MeOH, Entry 3. When other 
alcohols were employed, the yields were comparable or worse than 5 mL of MeOH, Entry 4-7. Lastly, 
pyridine and TEA were screened. This resulted in only trace amounts of the pinacol product and the Barbier 
product was isolated in a 52 and 57% yield, Entry 8-9.  
 
Table 53: Additive effects on the reactivity of allylSmBr towards benzaldehyde  
PhH
O AllylSmBr, additive
THF
Ph
OH
Ph
OH
Ph
OH
+
1.161 1.162 1.163
 
Entry Additive Yield 1.162 (%)a Yield 1.163 (%)a 
1 MeOH (5 mL) 50 32 
2 MeOH (10 mL) 86 Trace 
3 MeOH (20 mL) 69 -b 
4 EtOH (10 mL) 51 26 
5 i-PrOH (10 mL) 45 41 
6 n-PrOH (10 mL) 52 34 
7 n-BuOH (10 mL) 10 48 
8 Pyridine (10 mL) Trace 52 
9 TEA (10 mL) Trace 57 
Reaction conditions: substrate (1.0 mmol), allylSmBr (1.4 mmol), THF (10 mL). aIsolated yields.  
 
With the optimized reaction conditions determined, the generality of the pinacol reaction was 
screened. Several aldehydes and ketones were reacted with allylSmBr in the presence of MeOH, Table 54. 
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Aromatic aldehydes were able to be coupled in good to excellent yields yields. Low to trace amounts of the 
Barbier product were detected, Entry 1-10. Electron withdrawing and donating groups were tolerated, 
including halogen groups without reduction. Both mono- and diaromatic ketones afforded the pinacol product 
in good yields, Entry 11-16. Aliphatic ketones and aldehydes yielded the pinacol product in little or no yield, 
Entry 17-18.       
 
Table 54: Pinacol coupling of aldehydes and ketones with allylSmBr-MeOH 
Entry Substrate 
Yield 1.162 
(%) 
dl:meso 
Yield 1.163 
(%)a 
1 H
O
 
86 41:59 Trace 
2 H
O
 
78 47:53 Trace 
3 
H
O
 
82 47:53 Trace 
4 H
O
MeO  
85 71:29 Trace 
5 H
O
MeO  
65 53:47 Trace 
6 H
O
Cl  
86 47:53 Trace 
92 
7 H
O
Cl  
55 53:47 trace 
8 H
O
F  
73 49:51 Trace 
9 H
O
OH  
81 77:23 Trace 
10 H
O
O
 
67 57:43 12 
11 
O
 
80 56:44 Trace 
12 
O
MeO  
73 72:28 26 
13 
O
Cl  
84 62:38 - 
14 
O
 
70 - 21 
15 
O
MeO OMe 
92 - - 
93 
16 
O
Cl Cl 
75 - 11 
17 
O
 
40 - 36 
18 O
 
trace - 77 
Reaction Conditions: Substrate (1.0 mmol), allylSmBr (1.4 mmol), and MeOH (10 mL) in THF (10 mL). aIsolated yields.  
 
A common additive for SmI2 promoted reactions is H2O. With some similarities between allylSmBr 
and SmI2, H2O was employed as an additive to select the reductive properties, Scheme 62 and Table 55. 
Starting with one equiv. of H2O cyclohexanone was able to undergo pinacol coupling, 1.164, with a modest 
yield, 43%, Entry 1. When the amount of the H2O was increased to 2.0 equiv. The amount of product isolated 
increased and no Barbier product, 1.165, was isolated. There was incomplete consumption of the starting 
material, Entry 2. Finally, 1.4 equiv. was determined to be the optimal amount of H2O. It resulted in 62% 
yield of the pinacol and a minor amount of the Barbier product, 20%, Entry 3. Two other aliphatic substrates, 
a ketone and an aldehyde, were subjected to the optimized conditions. The pinacol product was isolated in 
good yields, Entry 4-5. Several substrates, that were unable to be coupled with MeOH additive, were 
subjected to allylSmBr with H2O additive, Entry 6-8. 
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Scheme 62: Pinacol and Barbier reaction of ketone with allylSmBr 
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Table 55: Effect of H2O on pinacol coupling of aldehydes and ketones with allylSmBr 
Entry Substrate 
Additive 
(equiv.) 
Yield 1.164 
(%)a 
Yield 1.165 
(%)a 
1 
O
 
H2O (1.0) 43 38 
2 
O
 
H2O (2.0) 48 -b 
3 
O
 
H2O (1.4) 62 20 
4 
H
O
 
H2O (1.4) 67 15 
5 
O
 
H2O (1.4) 61 17 
6 O
O
H
 
H2O (1.4) 71 11 
7 
MeO
O
 
H2O (1.4) 91 Trace 
8 
O
 
H2O (1.4) Trace 98 
Reaction Conditions: substrate (1.0 mmol), allylSmBr (1.4 mmol), and H2O (1.4 mmol) in THF (10 mL). 
aIsolated yields. bNot 
detected. Incomplete consumption of substrate.  
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CHAPTER TWO: SAMARIUM DIIODIDE PROMOTED CYCLIZATIONS 
SmI2 promoted reactions are an important synthetic tool for organic chemistry. One of the most 
common use for SmI2 is in the synthesis of natural products. The reason for this is the high chemoselectivity, 
which can be fine-tuned to the substrate, and the stereoselectivity. Expanding the reactions that SmI2 can 
perform is important for future synthesis of targeted compounds.  
Selective five membered carbocycle formation reactions promoted by SmI2 are understudied. This 
is the case for the Reformatsky-aldol reaction. The pinacol coupling has been previously studied for five 
membered ring formation but not with highly flexible diketones. Both reactions can produce diastereomers. 
Controlling the diastereoselectivity is critical. Previously studied SmI2 reactions used reduced reaction 
temperatures to control diastereoselectivity.  
Asymmetric SmI2 reactions are also understudied. Several examples have been reported but a more 
generalized method for high selectivity is required. Both the Reformatsky-aldol and the pinacol coupling 
could be good candidates to study the asymmetric SmI2 reactions. Ligand design is critical. The ideal ligand 
will have several oxygens or nitrogens to chelate to the metal. In addition, the ligand should not be reducible 
by SmI2. Ease of synthesis has to be considered. Lastly, the ability to collect and reuse the ligand is important. 
Due to SmI2 reactions being performed with superstoichiometric amounts of SmI2, asymmetric reactions will 
require superstoichiometric amounts of the ligand as well.  
Lastly, the study of new reaction types, functional group tolerance, and mechanistic pathways are 
important for the goal of expanding the reaction capabilities of SmI2.  
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Reformatsky-aldol Cyclization 
Investigation of the Reformatsky-aldol cyclization reaction would require a substrate bearing an α-
bromocarbonyl connected to an aldehyde. The initial retrosynthethic plan for synthesis started with ε-
caprolactone, 2.6, Figure 17. Starting with the ring opening, Step E, this step would give access to the entire 
carbon skeleton and no additional carbon-carbon bonds would need to be formed during the synthesis of the 
substrates. There are three ways that this could be accomplished to yield three electronically different 
carbonyl substrates, esters, carboxylic acids, or ketones, 2.5. Following the ring opening step, it will be 
necessary to install a protecting group on the primary alcohol, 2.4. The ideal starting protecting group is TBS-
Cl, tert-butyldimethylsilyl chloride, Step D. This should prevent any loss of yield from potential side 
reactions during the following step. From there an α-heterogroup would need to be installed. Bromine has 
been utilized in previously reported Reformatsky reactions and would be an ideal starting point, 2.3, Step C. 
Following the bromination, the protecting group would need to be removed, 2.2, Step B. Lastly the primary 
alcohol would be oxidized to the aldehyde, 2.1, Step A. This five-step sequence provides a basic substrate 
scaffold for the investigation of the cyclization promoted by SmI2.  
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Figure 17: Retrosynthetic plan for substrates 
 
Ring Opening of ε-Caprolactone 
The ring opening step constructed the entire carbon skeleton of the substrate. From there the only 
bonds that would need to be formed are carbon to heteroatom/halogen or heteroatom to heteroatom. The ring 
opening step could be accomplished to produce a carboxylic acid, an ester, or an aryl ketone, see Scheme 63, 
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Scheme 65, and Scheme 66. Each of these steps have been previously reported. The carboxylic acid was not 
used directly but was converted to an amide, see Scheme 64, by using a peptide coupling procedure.  
Ring opening of the lactone with sodium hydroxide (NaOH) would yield a carboxylic acid upon 
acidification, 2.7, Scheme 63. Reaction the lactone with a [0.54 M] solution of NaOH, Procedure 1, was 
successfully used to synthesize the carboxylic acid with crude yields greater than 41%. This carboxylic acid, 
2.7, could easily be transformed into an amide, 2.8, via peptide coupling reaction. This study started with the 
Weinreb amide, with intentions of expanding the amine coupling partner scoop, Scheme 64.  
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Scheme 63: Carboxylic acid synthesis from ε-caprolactone 
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Scheme 64: Weinreb amide synthesis from carboxylic acid 
 
Peptide coupling reactions are of great importance to many different fields of chemistry. Due to the 
importance in synthetic chemistry, there are multiple ways and reagents for peptide coupling. 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and Hydroxybenzotriazole (HOBt) peptide coupling proved to be 
effective coupling reagents from the start, Procedure 2. There was no need to further optimize the procedure 
or use other coupling reagents. The Weinreb amine and carboxylic acid was successfully coupled with yields 
greater than 67%.  
The final ring opening reaction that was performed involving an O-nucleophile was to synthesis a 
methyl ester, Scheme 65. The lactone was stirred in MeOH in the presence of catalytic amounts of sulfuric 
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acid (H2SO4),  Procedure 3. This yielded a methyl ester, 2.9, in yields greater than 90%. This procedure 
could be extended to synthesize other esters. 
O
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Scheme 65: Ester synthesis from ε-caprolactone 
 
Aromatic ketones were the final lactone ring opening product synthesized. The first procedure, 
Procedure 4, used an organolithium reagent to add to the lactone at -78 ⁰C, Scheme 66. This was successful 
on the first attempt and yielded the phenyl ketone, 2.10, in 78% yield. This method had problems with 
reproducibility. The hypothesis is the commercially available stock bottle of phenyllithium (PhLi) degraded. 
This reagent should be prepared prior to each use.   
O
O
Ph
O
OHPhLi
Et 2O, -78 
C
2.102.6
 
Scheme 66: Lactone Ring opening with organolithium reagent 
 
To have a more reproducible method and one that would allow for easy substitution off the aryl 
group, the one pot procedure developed by Xu with a Grignard reagent was used and further modified, 
Procedure 5. The aromatic Grignard reagent was added to a solution of 2.6, sodium methoxide (NaOMe), 
and Weinreb amine (HN(OMe)Me∙HCl), Scheme 67.121 With the Grignard being synthesized immediately 
prior to use, it provided an alternative to the organolithium reagent for synthesis of 2.10, Procedure 6. 
Downsides of this reaction are the poor atom economy and greater amounts of side product formation.  
 
99 
 
BrR
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THF, 70 C
MgBrR
O
O
Ph
O
OH
PhMgBr
HN(OMe)Me
THF, -15 C
2.6 2.10
        
Scheme 67: Aromatic Grignard formation and lactone ring opening with Gignard reagent 
 
The use of the Weinreb amine in the ring opening reaction of the lactone with a Grignard reaction 
was of great importance because it allowed for single addition of the organometallic reagent to form a ketone. 
Without the amine addition, only a double addition product would be isolated.  
 When the aryl group was a phenyl ring, 2.10, the product was always isolated with a double addition 
impurity. This impurity could not be removed by purification but was easily removed after the subsequent 
transformation. Substituted aromatic rings did not have the same complication of the separating the double 
addition impurity and these products were able to be isolated pure. After extensive use, this procedure was 
modified to reduce the amount of the impurity and maximize the yield, Table 56.  
 
Table 56: Optimization of Grignard addition  
Entry Starting Material Solvent  Conditions (equiv.) Yield (%)a 
1 ε-caprolactone THF 
[0.05 M] 
Weinreb amine (1.2) 
PhMgBr (8) 
NaOMe (0.25) 
87 
2 ε-caprolactone THF 
[0.05 M] 
Weinreb amine (1.2) 
PhMgBr (4) 
NaOMe (0.25) 
96b 
3 ε-caprolactone THF 
[0.05 M] 
Weinreb amine (1.2) 
PhMgBr (2.5) 
NaOMe (0.25) 
91b 
4 ε-caprolactone THF 
[0.1 M] 
Weinreb amine (1.2) 
PhMgBr (2.5) 
NaOMe (0.25) 
75 
5 ε-caprolactone THF 
[0.25 M] 
Weinreb amine (1.2) 
PhMgBr (2.5) 
NaOMe (0.25) 
43 
6 ε-caprolactone THF 
[0.05 M] 
Weinreb amine (2.0) 
PhMgBr (2.5) 
NaOMe (0.25) 
26 
7 ε-caprolactone THF 
[0.05 M] 
Weinreb amine (2.0) 
PhMgBr (1.5) 
NaOMe (0.25) 
NaH (2) 
17 
100 
8 ε-caprolactone THF 
[0.05 M] 
Weinreb amine (2.0) 
PhMgBr (1.5) 
NaOMe (0.25) 
NaH (5) 
51 
9 ε-caprolactone THF 
[0.05 M] 
Weinreb amine (2.0) 
PhMgBr (1.5) 
NaH (5) 
81 
10 ε-caprolactone Et2O 
[0.05 M] 
Weinreb amine (2.0) 
PhMgBr (1.5)c 
NaH (5) 
73 
11 ε-caprolactone Toluene 
[0.05 M] 
Weinreb amine (2.0) 
PhMgBr (1.5) 
NaH (5) 
86 
12 ε-caprolactone THF 
[0.05 M] 
Weinreb amine (2.0) 
PhMgBr (6) 
79 
13 2.9 THF 
[0.05M] 
PhMgBr (3) 
Weinreb amine (1.2) 
0 
14 2.18 THF 
[0.05M] 
PhMgBr (3) 
Weinreb amine (1.2) 
47d 
15 2.8 THF 
[0.05 M] 
PhMgBr (3) 95 
aIsolated yields. bThe yield and purity varied. The best yield was reported. cPhMgBr was synthesized with Et2O instead of THF.
  
dTBS group was removed.  
 
The reported procedure resulted in varied yields and purities. The reported procedure required eight 
equiv. of the Grignard. In an attempt to make the reaction more atom efficient, the amount of the Grignard 
reagent was first reduced from eight equiv. to four equiv. and then to two equiv., Entry 2 and 3. The yield 
and purity of the product fluctuated and there did not seem to be a correlation between amount of Grignard 
reagent and yield.  
From there the concentration of the lactone was increased. When it was increased to [0.1M] the 
yield was comparable to [0.05M], Entry 4. Further increases in the concentration had a negative impact on 
the yield, Entry 5. 
When the amount of the Weinreb amine was increased it lowered the yield, Entry 6. Increasing the 
amount of the amine may have made more of the Weinreb amide in-situ but at the cost of the available 
Grignard reagent. The Grignard reagent can be a strong base in addition to a nucleophile. To ascertain if that 
hypothesis could be supported, the amount of the Grignard reagent was reduced to 1.5 equiv.  and two equiv. 
of sodium hydride (NaH) was added prior to the addition of the Gringard reagent, Enrty 7. This change 
resulted in a decreased yield. From there the amount of the NaH was increased to five equiv., Entry 8. This 
increased the yield of the product. To determine the effect of the catalytic amount of sodium methoxide 
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(NaOMe) on the reaction, it was removed from the reaction. This resulted in an increased yield of the product 
(Entry 9). The last variable that was tested was the solvent. There was not much difference in yields between 
using tetrahydrofuran (THF), diethyl ether (Et2O), or Toluene, Entry 9, 10, and 11. Knowing that the 
Grignard plays a dual role and that NaOMe was not needed the optimized reaction conditions was determined 
to be two equiv. of Weinreb amine, six equiv. of the Grignard reagent, in THF with [0.05 M] concentration, 
Entry 12, Procedure 5. The optimized procedure had little fluctuation in the yield and purity of the product.   
Additional experiments were conducted which used the suspected in-situ generated intermediates 
as the starting compound. The methyl ester worked as a starting compound when the primary alcohol was 
protected with a tert-butyldimethylsilyl (TBS) group, 2.18, and failed when it was not TBS protected, 2.9, 
Entry 13 and 14. The Weinreb amide, 2.8, was also used and it resulted in the highest yield, Entry 15.122 
The Weinreb amide’s primary alcohol was not required to be TBS protected. To get to the aryl ketone in a 
single step Entry 12 was used even though Entry 15 was the highest yielding. 
Several substituted aromatic ketones were able to be synthesized, Table 57. The 2-pyridyl did 
require iso-propylbromide (iPrBr) (1 equiv.) addition to the Mg0 and refluxing for two hours prior to the 
addition of the 2-bromopyridine. Several substituted aromatic rings were unsuccessful, Table 58.  
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Table 57: Substituted aromatic ketones synthesized 
R
O
OH
 
 
2.10 
79% 
 
2.11 
93% 
O  
2.12 
72% 
O
 
2.13 
68% 
 
2.14 
51% 
 
2.15 
74% 
S
 
2.16 
57% 
N
 
2.17 
95% 
Reaction conditions: Procedure 5. Isolated yields.  
 
Table 58: Unsuccessful aromatic ketone products 
R
O
OH
 
O2N  Br  Br
Br
Br
 
Reaction conditions: Procedure 5. 
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TBS Protection of Primary Alcohol 
Alcohols can be too reactive and can prevent the reaction desired or cause side reactions to take 
place. Prevention of these side reactions requires a protecting group(s) to be installed. The all-purpose TBS 
has been demonstrated in numerous applications to be an effective protecting group that is easy to install and 
remove. Installation of the protecting group would be the same no matter which carbonyl species was being 
protected, Scheme 68 and Procedure 7. This procedure was also used to protect the 2-pyridyl substrate with 
a tert-butyldiphenylsilyl (TBDPS) protecting group. Yields of the TBS protection reactions were excellent, 
Table 59.  
R
O
OTBS
R
O
OH
TBS-Cl
Imidazole
DCM
 
Scheme 68: TBS protection of primary alcohol 
 
Table 59: TBS protection yields 
Entry Carbonyl Yield (%)a Product 
1 Methyl Ester (2.9) 90 2.18 
2 Aromatic Ketone (2.10) 86 2.19 
3 Weinreb Amide (2.8) 90 2.20 
Reaction conditions: Procedure 7. aIsolated yields. Best yield reported.  
 
The procedure developed by Stawinski could be used to rapidly install the TBS protecting group, 
Procedure 8.123 This procedure was more efficient for the TBS protection of the aromatic ketones, providing 
the protected aromatic ketone product in 90% yield, and in a shorter reaction time. This procedure was not 
extended to the ester or amide carbonyls.  
 
α-Bromination of Carbonyls 
With the substrates TBS protected, the α-bromo group was installed, Scheme 69. The starting 
method would use a base and an electrophilic bromine source. 
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R
O
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R
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Scheme 69: α-Bromination of TBS protected alcohol 
 
The α-bromination of the methyl ester, 2.18, did not go smoothly, Table 60. Only one method was 
successful for α-bromination, Entry 1. This method used lithium diisopropylamide (LDA), N-
bromosuccinimide (NBS), and TMS-Cl in THF at -78 ⁰C. This method suffered from reproducibility, with 
the majority of the reactions performed yielding little or no product. Using a weaker base did not yield any 
product, Entry 2. The use of copper (II) bromide (CuBr2), even in superstoichometric amounts, failed to 
yield any product, Entry 3-5. Lastly, phenyltrimethylammonium tribromide (PTT) failed to yield the 
brominated product, Entry 7.  
 
Table 60: α-Bromination of TBS protected methyl ketone, 2.18 
Entry Conditions Yield (%)a 
1 
LDA (1.3 equiv.) 
NBS (1.2 equiv.) 
TMS-Cl (1.75 equiv.) 
THF [0.3 M] -78 ⁰Cb 
34c 
2 
CaCO3 (1.2 equiv.) 
NBS (1 equiv.) 
DCM [0.62 M]d 
0 
3 
CuBr2 (2 equiv.) 
DMSO [1 M]e 
0 
4 
CuBr2 (2 equiv.) 
ZnBr2 (1 equiv.) 
DMSO [1 M]e 
0 
5 
CuBr2 (4 equiv.) 
ZnBr2 (1 equiv.) 
DMSO [1 M]e 
0 
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6 
CuBr2 (4 equiv.) 
ZnBr2 (1 equiv.) 
DMSO [1 M] 100 ⁰Ce 
0 
7 
PTT (1.1 equiv.) 
THF [0.2 M]f 
0 
aIsolated yield. 
bProcedure 10. cYields varied. Highest yield reported. dProcedure 11. eProcedure 12. fProcedure 13. 
 
The α-bromination of the Weinreb amide, 2.20, also did not go smoothly, Table 61. Only one 
method was able to α-brominate the amide, Entry 1. Similar to the methyl ester, this method suffered from 
reproducibility. A majority of the reactions failed to yield the desired product. When the amount of the 
bromine source, Br2, was increased to two equiv. the yield decreased significantly, Entry 2. Switching the 
solvent to THF, no product was isolated, Entry 3. PTT was unable to α-brominate the product, Entry 4.  
 
Table 61: α-Bromination of Weinreb amide, 2.20 
Entry Conditions Yield (%)a 
1 
CaCO3 (1.2 equiv.) 
Br2 (1 equiv.) 
DCM [0.62 M]b 
48c 
2 
CaCO3 (1.2 equiv.) 
Br2 (2 equiv.) 
DCM [0.62 M]b 
7c 
3 
CaCO3 (1.2 equiv.) 
Br2 (1 equiv.) 
THF [0.62 M]b 
0 
4 
PTT (1 equiv.) 
THF [0.2 M]d 
0 
aIsolated yield. bProcedure 11. cYields varied. Highest yield reported. dProcedure 13. 
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The α-bromination of the phenyl ketone, 2.10, was able to be accomplished in good yields after 
several attempts with different methods, Table 62. Starting with the same method as the Weinreb amide, the 
product was isolated in low yields, Entry 1. Switching bromine source to NBS failed to yield any product, 
Entry 2. A stronger base, LDA, also failed to yield the product, Entry 3. 
The α-bromination went smoothly employing CuBr2 after the ideal solvent was determined, 
provided that the primary alcohol was TBS protected, Entry 4-7. This yielded the product but as a mixture 
with and without the protecting group. When the reaction was repeated without the TBS protecting group the 
yield was inconsistent, Entry 7.  
The ideal method proved to be the use of PTT, Entry 8-10. The reaction proceeded smoothly and 
yielded similar results to CuBr2, Entry 8. As with CuBr2, the product was a mixture of TBS protected and 
deprotected. When the reaction was carried out without the TBS protecting group, it went smoothly and 
provided the product in a good yield, Entry 9. The reaction was diluted to [0.2M] and the yield was improved, 
Entry 10. This was determined to be the optimized reaction conditions. Being able to do the α-bromination 
without the protecting group reduced the total number of steps needed by two (protection and deprotection). 
This increased the yield and reduced the time needed to synthesis the substrates. All aromatic substrates, 
except the 2-pyridyl, could be α-brominated with this procedure. Due to the ease of installing the α-
bromination group with the ketone compared to ester and amide, the ester and amide were not explored in 
depth.  
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Table 62: α-Bromination of phenyl ketone, 2.19 
Entry Conditions Yield (%)a 
1 
CaCO3 (1.2 equiv.) 
Br2 (1 equiv.) 
DCM [0.62 M]b 
16c 
2 
CaCO3 (1.2 equiv.) 
NBS (1 equiv.) 
DCM [0.62 M]b 
0 
3 
LDA (1.3 equiv.) 
NBS (1.2 equiv.) 
TMS-Cl (1.75 equiv.) 
THF [0.3 M] -78 ⁰Cd 
0 
4 
CuBr2 (2 equiv.) 
DMSO [1 M]e 
0 
5 
CuBr2 (2 equiv.) 
ZnBr2 (1 equiv.) 
DMSO [1 M]e 
0 
6 
CuBr2 (2 equiv.) 
CH3CN [0.2 M]e 
74f 
7g 
CuBr2 (2 equiv.) 
CH3CN [0.2 M]e 
51c 
8 
PTT (1 equiv.) 
THF [1.125 M]h 
64 
9g 
PTT (1 equiv.) 
THF [1.125 M]h 
59 
10g 
PTT (1 equiv.) 
THF [0.2 M]h 
68 
aIsolated yield. bProcedure 11. cYields varied. Highest yield reported. dProcedure 10. eProcedure 12. fMixture of TBS protected 
and deprotected product. gNo TBS protecting group. hProcedure 13. 
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All the substituted aromatic ketones, except the 2-pyridyl, were able to be α-brominated, Table 63. 
The 2-pyridyl compound required harsher conditions to install the α-bromine. Several conditions were 
screened to install the α-bromo group off the 2-pyridyl substrate, Table 64. The optimal condition used 
hydrobromic acid (HBr) and Br2 with acetic acid as the solvent, Entry 3. The yield was improved when the 
TBS group was replaced with the bulkier protection group TBDPS, Entry 4. For both TBS and TBDPS 
substrates the product was isolated with the protecting group removed.  
 
Table 63: Aryl ketones α-brominated by PTT 
R
O
OHBr
 
 
2.21 
62% 
 
2.22 
49% 
O  
2.23 
79% 
O
 
2.24 
73% 
 
2.25 
62% 
 
2.26 
97% 
S
 
2.27 
61% 
N
 
2.28 
0% 
Procedure 13. Isolated yield.  
 
N
O
O
R
N
O
OHBr
R = H, 2.17
R = TBS, 2.29
R = TBDPS, 2.30
2.28
 
Figure 18: α-Bromination of 2-pyridyl substrate 
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Table 64: α-Bromination of pyridyl ketone 
Entry Conditions Yield (%)a 
1 
PTT 
THF [0.2M] 
0 
2 
CuBr2 
CH3CN [0.2 M] 
0 
3b 
HBr (1 equiv.) 
Br2 (1 equiv.) 
AcOH [0.2M] 
33c 
4d 
HBr (1 equiv.) 
Br2 (1 equiv.) 
AcOH [0.2M] 
86c 
 aIsolated yield. bCompound 2.29 (TBS protected). cProtecting group removed. dCompound 2.30 (TBDPS protected). 
 
TBS Deprotection 
While the overall optimized procedure to synthesize the substrates eventually did not require the 
TBS protecting group, the early attempts it was necessary for α-bromination. Several methods for 
deprotection, Scheme 70, were screened, Table 65. The type of carbonyl (ketone, ester, or amide) was 
irrelevant when deprotonating.  
R
O
OTBSBr
R
O
OHBr
 
Scheme 70: TBS deprotection of α-brominated carbonyl compounds 
 
Tetrabutylammonium fluoride (TBAF) failed to deprotect the α-bromo phenyl ketone. The starting 
substrate could not be recovered either (Entry 1). From there, more mild conditions utilizing acids were 
investigated. AcOH in a THF/H2O solvent mixture and dilute HCl in DCM failed to deprotect, but the starting 
substrate was recovered (Entry 2-3). Dilute HCl in EtOH was able to deprotect the product but with low 
yields (Entry 4). Catalytic amounts of para-toluenesulfonic acid (pTsOH∙H2O) was able to remove the silyl 
110 
group. The yields in THF/H2O solvent system was low (Entry 5). When ethanol was utilized as a solvent the 
yields were inconsistent ranging from low to high (Entry 6). Switching the acid and solvent system to 
hydrogen fluoride pyridine (HF∙py) in THF was able to consistently deprotect in high yields (Entry 7). This 
method did require the reaction to be stirred around 0 ⁰C for a long period of time (sixteen to twenty-four 
hours). Accomplishing this required the plastic centrifuge tube to be left in an ice-water bath in a cold room 
set to 4 ⁰C. This method proved to be sufficient to maintain a reaction temperature of roughly 0 ⁰C for an 
extended period.  
 
Table 65: TBS deprotections conditions screened for the α-bromo phenyl ketone 
Entry Conditions Yield (%)a 
1 
TBAF 
THF [0.16 M] 
0 
2 
AcOH 
THF/H2O (20:1) [0.2 M] 
0 
3 
[2 M] HCl(aq.) 
DCM [0.1 M] 
0 
4 
[2 M] HCl(aq.) 
EtOH [0.1 M] 
48b 
5 
pTsOH∙H2O (0.1 equiv.) 
THF/H2O (20:1) [0.2 M] 
24 
6 
pTsOH∙H2O (0.1 equiv.) 
EtOH [0.2M] 
72b 
7 
HF∙Py (2 equiv.) 
THF [0.08 M]c 
82 
aIsolated yield. bYields varied. Highest yield obtained. cProcedure 16 
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Oxidation of Primary Alcohol to an Aldehyde 
Oxidation of the primary alcohol to an aldehyde was the most challenging step in the sequence, 
Scheme 71. Multiple conditions were screened, Table 66. All but one of the conditions tested gave a wide 
range of yields. These ranged from no isolated product to high yields (Entry 1-5). Surprisingly the most 
efficient oxidation was a result of changing the solvent from the initial oxidation condition, Dess-Martin 
periodinane (DMP), from DCM to DMSO (Entry 6), which consistently yielded the desired aldehyde in 
good yields. All of the primary alcohols were able to be oxidized with this procedure, except the 2-pyridyl, 
2.28,  
Table 67. Compound 2.28 also failed to be oxidize under PCC and PDC conditions.  
Ph
O
OHBr
Ph
O
OBr
2.21 2.31
 
Scheme 71: Oxidation of the primary alcohol of 2.21 to an aldehyde 
 
Table 66: Oxidation conditions of primary alcohol of 2.21 to an aldehyde 
Entry Oxidant Yield 2.31 (%)a 
1 
DMP (1 equiv.) 
DCM [0. 1 M] 
85b 
2 
PCC (1.5 equiv.) 
DCM [0.45 M]c 
45b 
3 
PDC (1.5 equiv.) 
DCM [0.05 M]d 
92b 
4 
SWERN 
DCM [0.07 M]e 
63b 
5 
SO3∙Py (4 equiv.) 
DCM/DMSO (2:1) [0.07 M]f 
42b 
6 DMP (1 equiv.) 97 
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DMSO [0.2 M]g 
aIsolated yield. bYield varied. Highest yield reported. cProcedure 17. dProcedure 18.  eProcedure 19. fProcedure 20. gProcedure 
21. 
 
Table 67: Yields of oxidation of substituted aromatic ketones  
R
O
OBr
 
 
2.31 
97% 
 
2.32 
76% 
O  
2.33 
62% 
O
 
2.34 
47% 
 
2.35 
61% 
 
2.36 
65% 
S
 
2.37 
67% 
N
 
2.38 
0%a 
Isolated yields. aNo product isolated when subjected to DMP, PDC, or PCC. 
 
SmI2 Promoted Reformatsky Aldol Cyclization 
With the aldehydes synthesized, the Reformatsky Aldol cyclization was tested, Scheme 72. The 
reaction can yield two diastereomers. These isomers differ based on the configuration of the substituents on 
the cyclopentyl ring. These can be either syn, 2.39-Syn, or anti, 2.39-Anti.  
Ph
O
OBr SmI2
THF
O
Ph
OH
2.31 2.39-Syn
O
Ph
OH
+
2.39-Anti
 
Scheme 72: SmI2 promoted Reformatsky-aldol cyclization of 2.29 
 
The starting reaction conditions utilized was 2.2 equiv. of SmI2, in dilute THF, and with a starting 
temperature of 0 ⁰C. The temperature was decreased to -15, -40, and finally -78 ⁰C, Table 68. When the 
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temperature was 0 ⁰C, the d.r. and yield varied widely, Entry 1-3.  When the reaction temperature was 
decreased to -15 ⁰C, the diastereomeric ratio (d.r.) of the syn to anti products increased, Entry 4. Figure 19 
shows an example of the 1H NMR determination of d.r.. This increase in d.r. was consistent when the reaction 
temperature was -15 ⁰C. Decreasing the reaction temperature to -40 ⁰C the d.r. maintained a good d.r. and the 
yield increased, Entry 5. Further decrease in temperature to -70 ⁰C, resulted in no product isolation, Entry 
6. 
 
Table 68: Screening temperature for SmI2 promoted Reformatsky-aldol reaction of 2.31 
Entry Temperature (⁰C) d.r. (syn:anti)a Yield 2.39 (%)b 
1 0 1:1c 21 
2 0 17:1d 22 
3 0 4:1 44e 
4 -15 >20:1 14 
5 -40 20:1d 44 
6 -78 -f 0 
ad.r. determined by analysis of 1H NMR. bIsolated yield. cWorse d.r. obtained at this temperature. dBest d.r. obtained at this 
temperature. eBest yield obtained at this temperature. fd.r. was unable to be determined in the crude 1H NMR 
 
 With the best d.r. obtained at -15 ⁰C, that was the ideal temperature going forward. To improve the 
yield several additives were screened, Table 69. The additives screened were HMPA, TEA and H2O, t-
BuOH, LiCl, and LiBr. The use of the TEA:H2O system allowed for an increased yield of the isolated product 
but the d.r. was unable to be determined, Entry 1. HMPA was unable to promote the reaction and no product 
was isolated, Entry 2. The only isolated product was the fully reduced starting material, 2.10. Using a 
different alcohol additive reduced the d.r. of the product but increased the yield of the reaction, Entry 3. 
From there the use of inorganic salt additives was screened. Both LiCl and LiBr increased the yield of the 
product, while maintaining the d.r. of the product, Entry 4-5. The use of LiBr at -15 ⁰C was determined to 
be the optimized reaction conditions.  
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The stereochemistry, syn or anti, of the product was determined by comparision to previously 
reported literature on the compound. In addition, the NOE DIFF spectra of both 2.39-Syn and 2.39-Anti was 
measured to support the stereochemistry of the major diastereomer formed, Figure 20 and Figure 21. 
 
Table 69: Effects of additives on the SmI2 promoted Reformatsky-aldol reaction 
Entry Additive d.r. (syn:anti)a Yield 2.39 (%)b 
1 TEA/H2O (6:3)c -d 35 
2 HMPA - 0 
3e t-BuOH 6:1 42 
4 LiCl >20:1 66 
5 LiBr >20:1 71 
aDetermined by 1H NMR analysis. bIsolated yields. cRelative to SmI2. 
dd.r. was unable to be determined by crude 1H NMR. 
ePerformed on meta Methoxy substrate. 
 
With the optimized conditions determined, the substituted aromatic ring substrates were subjected 
to the optimized conditions. This yields of these with the use of LiBr were moderate and low without LiBr, 
Table 70. 
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Figure 19: Crude 1H NMR of 2.39-Syn and 2.39-Anti diastereomers 
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Figure 20: 1H NMR and NOE DIFF spectra of 2.39-Syn 
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Figure 21: 1H NMR and NOE DIFF spectra of 2.39-Anti 
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Table 70: SmI2 promoted Reformatsky-aldol cyclization products and yields 
R
O OH
syn
 
 
2.39 
w/ LiBr: 66% 
w/out LiBr: 14% 
 
2.40 
w/ LiBr: 54% 
w/out LiBr: 13% 
O  
2.41 
w/ LiBr: 64% 
w/out LiBr: 24% 
O
 
2.42 
w/ LiBr: 53% 
w/out LiBr: 31% 
 
2.43 
w/ LiBr: 65% 
w/out LiBr: 5% 
 
2.44 
w/ LiBr: 51% 
w/out LiBr: 19% 
S
 
2.45 
w/ LiBr: 54% 
w/out LiBr: -a 
Isolated yields. aThis reaction was never performed without the addition of LiBr.  
 
 
 These improved yields were hypothesized to be a result of the formation of SmBr2 in addition to the 
Li+ cation. The either of these may be a better promoter of the five-member cyclization.  In addition, either 
of these may be adding in the prevention of the retro-aldol reaction.  
   
Metal Comparison 
Other metals are known to promote reductive cyclization reactions. For example, zinc metal and 
titanocene (III) can promote the Reformasky reaction. Another metal that can reduce a C-Br bond and make 
a carbon nucleophile is magnesium. The Grignard reagent, a carbon nucleophile, can react with the aldehyde 
in a similar fashion to the SmI2 promoted Reformatsky-aldol reaction. The obvious advantage of SmI2 is the 
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oxophilic nature of the Sm metal. This property is hypothesized to be the reason great diastereoselectivity 
was achieved for the Reformatsky-aldol reaction.  
 These metals were screened to determine if they can perform the Reformatsky-aldol reaction on 
compound 2.31 with similar or better yields and d.r.’s, Table 71. The reaction conditions, reaction 
temperature and time, were kept constant amongst all the reactions screening other metals. Each reaction was 
done at the same reaction concentration, [0.03 M], and the solvent was THF. All of this means that the only 
difference between each entry is the metal. 
Magnesium (Mg0) was tested to see if the Grignard reaction could promote the intramolecular 
cyclization, Entry 2. After the reaction was worked up, the crude 1H NMR showed only starting material 
and no cyclized product. This outcome is to be expected since there is little reporting of Grignard reagent 
formation from α-bromoketones.124 
Zinc (Zn0) was able to promote the Reformatsky-aldol reaction but the product was isolated in low 
yield, 21%, Entry 3. Crude 1H NMR analysis showed the d.r. of the syn:anti product was 1:1. Thus supports 
SmI2, with LiBr additive, Entry 1, being a better promoter of the Reformatsky reaction, under these 
conditions, than Zn0.  
Lastly, titanocene (III) was tested. Titanocene (III) is known to promote Reformatsky additions by 
SET.69 Crude 1H NMR analysis showed the d.r. of the syn:anti was 1:20<. The product was isolated but in 
low yields, 9%, Entry 4. These results indicate that the Ti(III) can promote the Reformatsky-aldol reaction 
with similar, but opposite, diastereoselectivity.   
 
Table 71: Comparing metal reagents for cyclization of 2.31 to 2.39-Syn and 2.39-Anti 
Entry Metal d.r. (syn:anti)a Yield (%)b 
1 SmIII2∙8LiBr >20:1 64 
2 Mg0  - 0c 
3 Zn0  1:1 21 
4 Cp2TiIIICl 1:20< 9 
 
Reaction conditions: [0.1 M] concentration of Metal in THF. Substrate, XXX, concentration [0.03 M] in THF. Substrate 
solution added to each Mx solution. Reaction temperature maintained around -15 to 0 ⁰C. Reaction time was four hours. 
Reaction was done under N2 atmosphere. Aqueous workup was NaHCO3. 
aDetermined by crude 1H NMR analysis. bIsolated 
yield. cNo reaction, only starting material obtained.  
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Acetal 
The aldehyde products synthesized proved to be tricky to work with due to limited shelf life. Often 
these would fully degrade within a week’s time. Storage at cold temperatures improved the shelf life. This 
could further be improved with storage at cold temperature dissolved in benzene. Improving the shelf life 
further was carried out by conversion of the aldehyde to an acetal, Scheme 73, which in theory could be 
converted back to the aldehyde when needed. Acetal products were synthesized in good yields, Table 72, 
utilizing trimethyorthoformate and p-TsOH∙H2O (cat.) in methanol, Procedure 25.  
R
O
OBr
R
O
OBr
O
 
Scheme 73: Acetal formation from aldehyde 
 
Table 72: Acetal products 
R
O
OBr
O
 
 
2.46 
66% 
 
2.47 
54% 
O  
2.48 
64% 
O
 
2.49 
53% 
 
2.50 
65% 
 
2.51 
51% 
S
 
2.52 
-a 
Isolated yields. aNever synthesized 
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With the acetal products on hand, two of the six were subjected to SmI2 promoted cyclization 
without any additional additive. Using the same procedure as the Reformatsky-aldol cyclization, without 
additive addition, gave results were inconclusive and would need further optimization. The phenyl, 2.46, and 
p-toluene, 2.47, failed to result in any product formation. Further optimization of this substrate class would 
be needed. It may require temperature and additive screening.  
R
O
OBr
O
R
O O
SmI2 (2.2 equiv.)
 
 Scheme 74: SmI2 promoted Reformatsky-aldol reaction of acetal substrates  
 
Reformatsky Alkylative Cyclization 
Samarium-enolates are easily synthesized by the reduction of α-heteroatom carbonyl, for example 
α-bromoketones, by the Reformatsky reaction. These enolates can easily react with various electrophilic 
carbon centers, for example the nucleophilic addition to a carbon bearing a leaving group. Development of 
the SmI2 promoted Reformatsky reaction to work with electrophilic carbons, beyond aldehydes, expands the 
capabilities of SmI2 reactions. Classically this would be performed using a base, the strength of the base 
would be dependent on the identity of the carbonyl and the pKa of the α-protons, to generate the enolate. 
SmI2 is a chemoselective reagent and this would allow for the classical enolate-SN2 reaction on base sensitive 
substrates. The use of SmI2 provides a mild and chemoselective methods for generation of the samarium 
enolate.  
Determining the ideal substrate scaffold to study the intramolecular SN2 reaction of samarium 
enolates with carbons bearing a leaving group was simple. Using the same scaffold for the SmI2 promoted 
Reformatsky-Aldol reaction was the ideal starting point and would allow for another procedure for 
chemoselective five membered carbocycle synthesis, Scheme 75. Instead of oxidation of the primary alcohol, 
the alcohol could be converted into a leaving group.  
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Ph
O
XBr
Ph
O
SmI2
THF
X = Leaving Group
 
Scheme 75: SmI2 promoted Reformatsky alkylative cyclization 
 
Intramolecular SmI2 Promoted Alkylative Cyclization 
The first step for the Reformatsky alkylative cyclization was the installation of various leaving 
groups. The ideal leaving group would be one that would not be reduced by SmI2. There are very few options 
for leaving groups that don’t undergo reduction with SmI2. Halides are known to be reduced by SmI2. Tosyl 
and mesyl groups are also known to be reduced with SmI2 but this reduction requires additives, H2O and 
amine, or elevated temperatures.5,125 Another option was acetate or trifluoroacetate, which was hypothesized 
to act as either a leaving group or as another electrophilic carbon for the Reformatsky-aldol reaction. The 
reduction of esters generally requires additives.  
Investigation of the SmI2 promoted enolate alkylation started with using the same equiv. of SmI2 as 
the Reformatsky-aldol cyclization. The investigation started at 25 ⁰C. Several different leaving groups were 
screened, Table 73. When the leaving group was a chlorine, 2.50, the reaction failed to produce the desired 
product. Bromine, 2.51, and iodine, 2.52, yielded the carbocycle but in low yield. With the 2.51 and 2.52, it 
was hypothesized that there would be competing reactions involving the reduction of the primary halide. 
These pathways should have been slower than the reduction of α-bromo ketone. Acetylated, 2.53 and 2.54, 
leaving groups also failed to yield the cyclized product, or any major product. The starting material was 
isolated but with the α-bromo group removed. When the primary alcohol was mesylated, 2.56, and tosylated, 
2.55, the desired product was obtained, with the mesylated substrate was more efficient than the tosylated. 
These functional groups are non-reducible under the conditions of the reaction.  
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Table 73: Leaving groups screened in the Reformatsky alkylative cyclization reaction  
 
Ph
O
XBr
Ph
O
SmI2 (2.2 equiv.)
THF
X = Leaving Group
2.53-2.59 2.60
 
Ph
O
XBr
 
X = Cl; 2.53, 
0% 
X = Br; 2.54, 
5% 
X = I; 2.55, 
18% 
Ph
O
OBr O
 
2.56 
0% 
Ph
O
OBr O
CF3  
2.57 
0% 
Ph
O
OBr
S
O
O
 
2.58 
56% 
 
Ph
O
OBr
S
O
O
 
2.59 
75% 
 
 
Isolated yields.   
 
With the mesyl group being determined to be the ideal leaving group, the previously synthesized 
substrates, Table 63, had the hydroxy groups mesylated. Mesyl groups are easily installed using Ms-Cl. All 
these products were isolated in good to high yields, Table 74. The lowest yield was the 2-pyridyl product, 
2.64.  
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Table 74: Mesylated substituted aromatic rings 
R
O
OBr
S
O
O
 
 
2.59 
81% 
 
2.61 
83% 
O  
2.62 
96% 
O
 
2.63 
61% 
 
2.64 
87% 
 
2.65 
76% 
S
 
2.66 
85% 
N
 
2.67 
53% 
Isolated yields. 
 
The same substrate scope as the Reformatsky-aldol reaction was tested in addition to the 2-pyridyl, 
Table 75. All the functional groups were tolerated giving low to high yields, expect the 2-pyridyl substrate. 
The 2-pyridyl substrate failed to yield any product. The reduced starting material with the Ms group still 
installed was the only product isolated.  
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Table 75: SmI2 promoted alkylative cyclization products and maximum yields 
R
O
 
 
2.60 
75% 
 
2.68 
55% 
O  
2.69 
44% 
O
 
2.70 
36% 
 
2.71 
39% 
 
2.72 
24% 
S
 
2.73 
58% 
N
 
2.74 
0% 
Isolated yields.  
 
To improve the yields of the Reformatsky alkylative cyclization, LiBr additive was utilized. This is 
similar to the Reformatsky-aldol reaction. Unfortunately, the additive did not have a positive effect on the 
reaction. No cyclized product was isolated. A new unidentified product was isolated. The use of 1H, 13C, and 
COSY NMR in combination with mass spectroscopy did not yield an identity of the product. No other 
additives were screened to attempt to improve the yield.  
 
Intermolecular SmI2 Promoted Aklyation 
With the intramolecular alkylation accomplished, the intermolecular reaction was tested using 
bromoacetophenone, commercially available, and mesylated benzyl alcohol, 2.75, Scheme 76. This reaction 
is not been reported to be promoted by the use of SmI2. Unfortunately, the reaction failed to yield the desired 
product, Table 76 Entry 1. The concentration was increased but no improvements were made, Entry 2-3. 
The equiv. of the BnOMs was increased as well but with no success, Entry 4. Finally, the addition of seven 
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equiv. of HMPA caused the reaction to proceed but the product could not be separated from the impurities, 
Entry 5.  
Ph
O
Br BnOMs+ Ph
O
Ph
2.75
SmI2(2.2 equiv.)
THF, 25 C
 
Scheme 76: Intermolecular Reformatksy alkylative cyclization  
 
Table 76: Intermolecular alkylation  
Entry 2.75 equiv. Concentration [M] Yield (%)a 
1 1 0.03 0 
2 1 0.1 0 
3 1 0.5 0 
4 3.25 0.5 0 
5b 3.25 0.5 -c 
aIsolated yields. bHMPA (7 equiv.) added. cProduct could not be separated from impurities. 
 
Intramolecular Secondary Leaving Group 
Expanding the capability of the alkylative reaction to secondary carbons bearing a leaving group 
was explored. Synthesis of a substrate with a leaving group on a secondary carbon was accomplished by 
performing a Baeyer-Villiger oxidation on 2-methylcyclohexanone with meta-chloroperoxybezonic acid (m-
CPBA) yielding the 6-methyl-ε-caprolactone, Procedure 32. This lactone was carried forward with the 
Grignard, 2.76, α-bromination, 2.77, and mesilyation reactions, 2.78, Scheme 77.  
O O
Om-CPBA
Ph
O
OMs
Br
2.78
 
Scheme 77: Synthesis of substrate with a secondary OMs leaving group 
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The substrate with a secondary substrate was subjected the SmI2 promoted Reformatsky alkylative 
cyclization, Scheme 78. The crude 1H NMR showed a 1:1 d.r. of syn:anti product. The product, syn and anti, 
could not be separated from the impurities in the reaction. These impurities may be resultant from impurities 
present in the substrate prior to the SmI2 reaction. More optimization would be needed for this reaction.  
Ph
O
OMs
Br
Ph
O
THF, 25 C
SmI2 (2.2 equiv.)
2.78
 
Scheme 78: SmI2 alkylation of secondary carbon with leaving group 
 
Pinacol Cyclization 
The Reformatsky-aldol and alkylation reactions provided two similar methods to synthesize five 
membered carbocycles by means of SmI2. Another use of SmI2 is to promote pinacol couplings. Carbonyl to 
carbonyl couplings promoted by SmI2 have been well studied, except for the formation of five membered 
carbocycles. Studying this required a different substrate scaffold from the two previously mentioned 
methods. The retrosynthetic plan for the synthesis of the Pinacol coupling scaffold would be straightforward, 
Figure 22.  
Starting with the Grignard addition of 5-bromopentene to an aromatic aldehyde, 2.82, Step C. Like 
the previous scaffold studied, this step would provide the entire carbon scaffold in the first step. Oxidation 
of the resulting alcohol, 2.81, would give the first ketone, 2.80, Step B. Converting the alkene to the alkyl 
ketone, 2.79, would be accomplished in one step by Wacker oxidation, Step A. This three-step process would 
give easy access to the substrate and allow for substitutions on the aromatic ring by changing the starting 
aldehyde. 
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2.79 2.80
2.812.82
 
Figure 22: Retrosynthetic plan for pinacol coupling substrates 
 
Grignard addition to aldehydes 
Starting with the Grignard reaction, Scheme 79, the procedure reported by Oltra with modifications, 
Procedure 33.126 The modifications were the use of two equiv. of magnesium metal and the addition of one 
I2 crystal was added to the reaction flask prior to formation the Grignard reagent. Several different aldehydes 
were reacted with the Grignard reagent, Table 77. To reduce the number of purifications needed. The crude 
reaction mixture could be taken forward to DMP oxidation without purification. There was little impact on 
the reaction yield of subsequent steps. 
R
OH
R
O
H
Mgo (2.2 equiv.)
5-Bromopentene 
THF
(1.1 equiv.)
 
Scheme 79: Grignard addition to aromatic aldehydes 
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Table 77: Products of Grignard reaction with aromatic aldehydes 
R
OH
 
 
2.83 
96% 
 
2.84 
70% 
O  
2.85 
17% 
O
 
2.86 
53% 
 
2.87 
78% 
 
2.88 
79% 
X  
X = Cl 
2.89, 62% 
X = Br 
2.90, 60% 
 
N
 
2.91 
42% 
Isolated yields 
 
DMP Oxidation 
Oxidation of the 2⁰ alcohol to a ketone was completed with DMP, Procedure 21, without any further 
optimization or modifications, Scheme 80. The previous developed method of oxidation with DMP was used. 
All the substrates were able to undergo oxidation by DMP, Table 78. Even the 2-pyridyl substrate, 2.100, 
could undergo oxidation of the alcohol to the ketone. This method failed when the primary alcohol as 
attempted to be oxidized. To reduce the amount of purifications needed, the crude oxidized products could 
be taken forward to the Wacker oxidation. 
R
OH
R
O
DMP (1.1 equiv.)
DMSO
 
Scheme 80: DMP oxidation of secondary alcohols to ketone 
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Table 78: Oxidation products and yields 
R
O
 
 
2.92 
70% 
 
2.93 
51% 
O  
2.94 
51% 
O
 
2.95 
72% 
 
2.96 
71% 
 
2.97 
73% 
X  
X = Cl 
2.98, 66% 
X = Br 
2.99, 39% 
 
N
 
2.100 
72% 
Isolated yields.  
 
Wacker Oxidation 
The Wacker oxidation procedure used in this section was optimized, using the phenyl ketone, 2.92, 
by Humberto Escobedo, an undergraduate student in the Bryan J. Cowen laboratory.  
 
Wacker oxidation of the terminal alkene was the ideal transformation to make the second ketone 
group for the Pinacol coupling, Scheme 81. The oxidant employed to allow for catalytic palladium was 1,4-
benzoquinone (1,4-BQ), Procedure 34. All the starting alkenes were able to be oxidized to the ketone in low 
to good yields except for the 2-pyridyl, 2.109, Table 79.  
Of significant note is that a majority of byproducts can be removed via aqueous workup prior to any 
needed purifications. Using sodium thiosulfate (Na2S2O3) any residual 1,4-BQ would be reduced to 
hydroquinone. A concentrated, [6 M], sodium hydroxide (NaOH) wash removed a majority of the 
hydroquinone. Finally, several water washes would remove a signification portion of the DMF solvent. After 
the aqueous workup, the crude 1H NMR showed only the desired product with very minor impurities.  
Wacker oxidation of the 2-pyridyl substrate, 2.109, failed in all attempted conditions. Additives 
were attempted to interact with the pyridine functional group to allow for the palladium (Pd) to interact and 
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react with the alkene functional group. Both a Lewis and Bronsted acid was utilized to achieve the goal of 
Wacker oxidation of the 2-pyridyl substrate. Addition of a copper (I) chloride or [2 M] HCl failed to yield 
any product. This substrate was not further explored. 
R
O
R
O
O
PdCl2 (0.1 equiv.)
1,4-BQ (1.5 equiv.)
DMF, H2O
 
Scheme 81: Wacker oxidation of terminal alkene 
 
Table 79: Wacker oxidation products and yields 
R
O
O  
 
2.101 
37% 
 
2.102 
78% 
O  
2.103 
60% 
O
 
2.104 
60% 
 
2.105 
32% 
 
2.106 
68% 
X  
X = Cl 
2.107, 75% 
X = Br 
2.108, 71% 
 
N
 
2.109 
0% 
Isolated yields. 
 
SmI2 Promoted Pinacol Cyclization 
This reaction was optimized, using the phenyl ketone, 2.101, by Humberto Escobedo an 
undergraduate student in the Bryan J. Cowen laboratory. 
 
The substrate synthesis, except for the 2-pyridyl, was optimized and the intramolecular SmI2 
promoted pinacol coupling, to form five membered functionalized carbocycles containing a syn diol, was 
investigated, Scheme 82.  
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OH
OH
SmI2 
THF
 
Scheme 82: Intramolecular SmI2 Pinacol coupling 
 
The initial reaction using the optimized procedure with the phenyl ketone, 2.10, gave very promising 
results with 2.2 equiv. of SmI2 at 25 ⁰C. Yielding only the syn. product, 2.110-Syn, in 62% yield. The scope 
was expanded to include alkyl substrate, electron withdrawing groups, naphthalene rings, and halides, Table 
80. Low yields were obtained when the aromatic ring was substituted with a halide. SmI2 is known to be able 
to reduce aromatic halides and the low yield could be a result of competing side reactions. Electron 
withdrawing groups in the meta or para position were tolerated with good yields. Naphthalene aromatic rings 
were tolerated. When the carbonyl was off C1, 2.114, the product was isolated in good yields. The carbonyl 
off C2, 2.115, was not tolerated as well and resulted in a low yield.  
 
Table 80: Scope of the intramolecular SmI2 promoted pinacol coupling 
R
OH
OH
 
 
2.110-Syn 
62% 
 
2.111 
67% 
O  
2.112 
65% 
O
 
2.113 
73% 
 
2.114 
66% 
 
2.115 
16% 
X  
X = Cl 
2.116, 15% 
X = Br 
2.117, 22% 
Isolated yields. 
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To improve the yield LiBr additive was utilized, similar to the Reformatsky-aldol reaction. The use 
of LiBr had a dramatic effect on the low yielding pinacol products, Table 81. The only substrate negatively 
impacted by the use of LiBr additive was the meta-methoxy, 2.104. Compound 2.113 was isolated with the 
starting material, 2.104, in a 1:1 ratio. The combined yield of the product and starting diketone was 90%.  
 
Table 81: Scope of the intramolecular SmI2 promoted pinacol coupling with LiBr additive 
R
OH
OH
 
 
2.110-Syn 
64% 
 
2.111 
79% 
O  
2.112 
56% 
O
 
2.113 
90%a 
 
2.114 
64% 
 
2.115 
52% 
X  
X = Cl 
2.116, 40% 
X = Br 
2.117, 83% 
 
 
 
Isolated yields. aCombined yield, 1:1 product:starting material.  
 
EPR Spin Trapping Studies 
This section was done in collaboration with Joseph McPeak, Dr. Sandra Eaton, and Dr. Gareth 
Eaton. All the EPR spectra were acquired by Joe McPeak. The synthesis of substrates, SmI2, and the reactions 
were conducted by Christopher Aretz.  
 
SmI2 reaction mechanisms can be confusing when multiple reducible functional groups are present 
in the substrate. When multiple reducible functional groups are present, gaining some insight into the initial 
reduction site can lead to a better understanding of the mechanism of the reaction. To gain this insight, rapid 
scan electron paramagnetic resonance (EPR) spin trapping experiments were carried out.  
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Addition of a spin trap, Figure 23, would result in the initial radical reacting with the trap to produce 
a longer lived radical species. EPR spectroscopy can then measure the spectra of the species. Electronic 
nature and atoms near the radical would influence the hyperfine coupling of the spectra. After several 
experiments using these spin traps, it was determined that 2-methyl-2-nitrosopropane (MNP) was the ideal 
spin trap. This is due to the lack of additional hyperfine interactions with protons on the spin trap. 
N
+
O
-
N
+
O
-
O
tBuO
N
+
Ph
O
-
tBu N
O
tBu
DMPO BMPO PBN MNP
 
Figure 23: Structures of spin traps utilized as traps for SmI2 mechanism study 
 
Hyperfine coupling of the spectra can be used to predict the location of the spin trap. There are two 
probable reactive centers for the spin trap to react with, Scheme 83. These two spin trap sites would show 
different hyperfine coupling patterns. The alkylative cyclization substrate, 2.59, was used for these 
experiments because the OMs functional group should be non-reducible, under the reaction conditions. 
Without having to worry about a third potential reduction site would simplify the experiments to determine 
the initial reduction site for the Reformatsky reaction.  
Ph
O
R
Br
H
Ph
O
R
S.T.
H
Ph
OH
R
Br
HS.T.
S.T. =Spin Trap
Spin Trap 
SmI2 (2.2 equiv.)
THF
SmI2 (2.2 equiv.)
Spin Trap 
THF
2.59
 
Scheme 83: Spin trapping intermediate of SmI2 reduction 
 
Deuterium (D) provides a hyperfine coupling that is reduced in magnitude by a factor of six with a 
radical species. The number of lines in the EPR spectrum increase but if they are not resolved due to reduced 
complexity, then the apparent number of lines decreases. Knowing this, the α-bromo-α-D substrate with the 
mesyl group was synthesized, 2.120, Scheme 84. By refluxing the starting phenyl ketone, 2.10, in a [0.1 M] 
NaOD in D2O solution, the α-protons were both exchanged for a D, Procedure 37. The deuterated substrate, 
2.118, was then subjected to PTT conditions, 2.119, and mesylation, 2.120, Procedure 13 and Procedure 
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27. This resulted in the α-D substrate that could then be subjected to SmI2 in the presence of the spin trap, 
Procedure 35. The α-D substrate would have the same potential spin trapped products, Scheme 85. 
Hyperfine coupling would have fewer peaks if the spin trap is located adjacent to the D. This is a result of 
the spin of the atom going from ½ to 1.  
Ph
O
OH
Ph
O
ODD
D
Ph
O
ODBr
D
Ph
O
OMsBr
D
NaOD [0.1 M]
D2O, 100 
C
PTT (1 equiv.)
THF
MsCl (1.1 equiv.)
TEA (1.5 equiv.)
DCM, 0 C
2.10 2.118
2.119 2.120
 
Scheme 84: Synthesis of α-deuterium labeled substrate 
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SmI2 (2.2 equiv.)
THF
SmI2 (2.2 equiv.)
Spin Trap 
THF
 
Scheme 85: Spin trapping α-deuterium labeled substrate 
 
The spectrum of the MNP-SmI2 was measured as a negative control reaction. This produced a 
spectrum with three lines, Figure 24 A. The three lines is a result of the hyperfine interaction with the 
neighboring nitrogen. The radical species being measured was the spin trap reduced by SmI2. From there, the 
MNP-SmI2-2.59 spectrum was measured, Figure 24 B. This spectrum has six lines. The additional three lines 
resulted from hyperfine interactions with the α-H. Lastly the MNP-SmI2-2.120 spectrum was measured, 
Figure 24 C. This is the substrate with the α-proton exchanged for an α-D. The spectrum has only three lines. 
These spectra are stacked with the simulated EPR spectra, dashed lines, for each of the radical species.  
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Figure 24: EPR spectra of spin trap-SmI2 (A), spin trap-SmI2-2.59 (1H) (B), and spin trap-SmI2-2.120 
(2H) (C) 
 
To rule out the reduction of the OMs group and subsequent spin trapping of the resulting radical, 
the reaction of the 2.121 in the presence of the spin trap and SmI2 was conducted. The resulting EPR spectrum 
did not differ from S.T. and SmI2 alone, Scheme 86. With no trapped species measured this supports the 
claim that the OMs group is non-reducible under our conditions and is acting as a leaving group only.  
OMs S.T.X
S.T. = Spin Trap
2.121
 
Scheme 86: OMs reduction control reaction 
 
The measured spectra of the spin trapped substrate provides evidence for the initial reduction of the 
C-Br bond and not the reduction of the carbonyl. This data supports the proposed mechanism by Molander 
A 
B 
C 
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for the Reformatsky reaction, Figure 7 page 20. In addition, the OMs was unable to be reduced by SmI2 
under these conditions.   
 
Asymmetric and Catalytic Attempts 
Asymmetric Reformatsky-Aldol Cyclization 
Little attention has been given to asymmetric SmI2 promoted reactions by the use of chiral ligands. 
Investigation of the ability of a chiral ligand for asymmetric transformation would require a ligand that has 
multiple oxygens or nitrogens to chelate to the Sm metal. Bradshaw reported a chiral crown ether ligand, 
2.122, Figure 25.127 This ligand was used by Kobayashi and coworkers for asymmetric aldol reaction with 
rare earth triflates in the +3 oxidation state.128 This chiral crown ether was able to be used with Sm(III)(OTf)3 
to promote their reaction. Translating it to Sm2+ chemistry should be possible because upon reduction, 
generation of Sm(III) would have high affinity for ligand 2.122.  
N
O O
OO
N
2.122
  
Figure 25: Chiral crown ether ligand 
 
Synthesis of the chiral crown ether was completed following the 2:2 procedure developed by 
Bradshaw127, Scheme 87, and the stepwise procedure developed by Kobayashi128, Scheme 88. Both 
procedures were used as originally reported with modifications to the leaving group and base used, Table 82 
and Table 83.  
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Scheme 87: 2:2 synthesis of chiral crown ether ligand 
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Scheme 88: Stepwise synthesis of chiral crown ether ligand 
 
Modifying the leaving group was done to attempt to promote the SN2 reaction of the chiral alcohol 
(or diol) with the pyridyl moiety. These modifications were easily accomplished. Mesyl group gave better 
yields in the 2:2 procedure than tosyl, Table 82 Entry 1-2. Using Kobayashi’s method with modifications to 
the leaving group and to the base used did not give a clear comparison. Further optimization would be needed 
to be conducted on these procedures to accomplish the ligand synthesis in high and consistent yields.  
140 
Table 82: Modifications to Bradshaw's procedure 
Entry R1 Base Yield 2.122(%)a 
1 OMs NaH 14 
2 OTs NaH 9 
aIsolated yields 
 
Table 83: Modifications to Kobayashi's procedure 
Entry R1 Base Stepa Yield (%)b 
1 OTs NaH A 26-73c 
2 OTs NaH B 0c 
3 I NaH A 0-40c 
4 I KH A 29c 
5 OTs KH A 25c 
6 OTs KH B 0d 
7 OMs KH A 0-23c 
8 OMs KOtBu A 0 
aScheme 88. bIsolated yield. cRecovered unreacted starting materials. 
dNo starting materials recovered 
 
With the chiral crown ether ligand on hand, it was tested on the phenyl ketone, 2.31, without any 
additional additives, using Procedure 24. One equiv. of the ligand per SmI2 was used. After HPLC 
analysis, it was determined that the chiral ligand provided a 30% ee. When the reaction was repeated with 
LiBr additive, the reaction failed to yield any product. These are encouraging lead results with this system 
but room to improve the enatioselectivity of reaction using the chiral crown either ligand.  
Analyzing the enantioenriched product was done using high performance liquid chromatography 
(HPLC). Product HPLC analysis: Column used was a Chiracel AD. The solvent system was 10% isopropyl 
alcohol (IPA)/Hexanes with a flow rate of 1 mL/min. The major enantiomer’s retention factor (Rt) was 13.336 
and the minor enantiomer’s Rt: 21.230. There was a 30% enantiomeric excess (ee).   
Several simpler ligands that were commercially available were screened, Figure 26. Addition of 
one equiv. of (R)-1,1’-bi-2-napthaol (R-Binol) relative to SmI2 was capable of providing enantioselectivity. 
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The %ee was 45 but this came from the assumption that the largest of the three peaks in the HPLC trace was 
from R-Binol. There was poor separation of the recovered R-Binol from the product. Further modification of 
the R-Bionl ligand scaffold could provide enough of a change to allow for separation of the recovered ligand 
and product. The other ligands screened failed to provide any appreciable %ee. The product was able to be 
isolated separate from the ligand.  
Of note is that 2,6-Bis[(4S)-(-)-isopropyyl-2-oxazolin-2-yl]pyridine (Py-Box) was recovered 
without any reduction of the oxazoline groups. The final two ligands were not recovered and presumed to 
have been removed by the aqueous workup.  
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Figure 26: Additional chiral ligands screened 
 
 
Catalytic SmI2 Reactions 
A major drawback of the use of SmI2 to promote reaction is the reagent being a stoichiometric or 
super stoichiometric reagent. It has been reported that magnesium metal (Mg0) can reduce the trivalent SmI2+ 
back to the divalent SmI2.129 The addition of TMS-Cl was hypothesized to be required to free the chelated 
SmI2+ from the product so it could be reduced to the divalent SmI2. Using the reported procedure on the 
Reformatsky-aldol cyclization on 2.31 resulted in low d.r. and no product isolated after purification. In 
addition to Mg0, manganese (Mn0) was screened, see Table 84. Both failed to produce recoverable amounts 
of the product after purification. A d.r. of 1:1 was observed for the Mn0, Entry 2. Further screening would 
need to be done to accomplish the catalytic reaction while maintaining d.r. and yields. If accomplished, it 
could open the door to enantiocontrol by addition of chiral ligands without requiring super stoichiometric 
amounts of a chiral ligand.  
 
Table 84: Metal reductants screened 
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Entry Metal d.r. (Syn:Anti)a Yield 2.39 (%)b 
1 Mg0 1.3:1 -c 
2 Mn0 1:1 -c 
Procedure 38. aDetermined by crude 1H NMR. bIsolated yield. cProduct could not be isolated after purification.  
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CHAPTER THREE: ALLYLATION OF ISATIN AND OXINDOLE WITH 
ALLYLSAMARIUM BROMIDE 
Allylsamarium bromide has two main properties, reductive and nucleophilic. The reduction 
potential of allylSmBr is more negative than that of SmI2. The reduction potential can be increased to an even 
more negative value through the use of Lewis basic additive. In addition to the reductive properties, the 
nucleophilic properties are of interest. The nucleophilic nature of allylsamarium bromide may be more 
selective than other Grignard-like reagents due to the oxophilic nature of samarium. In addition, these 
Grignard-like reagents appear to be less basic. The basicity of these reagents has yet to be determined but 
previous studies on the allylation of cyclic amides showed nucleophilic properties in the presence of an 
unprotected amide.  
The use of both properties in a controlled fashion will allow for multiple transformations to be 
carried out with one reagent in one reaction flask. To access both properties, the investigation would begin 
with a compound with two different carbonyl functional groups. This use of two different carbonyl groups, 
for example a ketone and an amide, should give control over the reaction outcome. The starting compound 
of interest was isatin, Figure 27. This simple heterocyclic compound contains two different carbonyls, an 
aromatic ring, and lastly several different functional groups could be installed off the nitrogen of the amide 
bond.  
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Figure 27: Structure of Isatin 
 
Isatin 
The investigating started with isatin and N-substituted isatins. Simple addition of NaH to a solution 
of isatin in DMF resulted in a dark purple solution of the sodium isatin salt. Addition of various electrophiles 
to the sodium isatin salt solution resulted in the N-substituted products, Procedure 39. Addition of H2O to 
the reaction crystalized the product from solution. In some cases, after drying, these crude products could be 
used without further purifications. Several other N-substituted isatins have been previously reported. These 
products were synthesized according to the previous reported procedure. Several different methods for 
different substitutions were screened to generate a broad substituted isatin scope,  
Table 85. N-methyl isatin with either a bromo or nitro group off the 5 position, R2 in Scheme 89, 
was synthesized starting with the 5-bromo or 5-nitro isatin.   
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Scheme 89: N-Substitution of isatin, 5-bromoisatin, and 5-nitroisatin 
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Table 85: Methods for N-Substitution of isatin, 5-bromoisatin, and 5-nitroisatin 
Entry R1 Source Procedure Yield (%)a Product 
1 Me-I Procedure 39 65 3.1 
2 Bn-Br Procedure 39 64 3.2 
3 Allyl-Br Procedure 39 59 3.3 
4 Propargyl-Br Procedure 39 68 3.4 
5 Tr-Cl Procedure 39 66 3.5 
6 Piv-Cl Procedure 39 0 - 
7 Tf2O Procedure 39 0 - 
8 MsCl Procedure 39 0 - 
9 Piv-Cl Procedure 40 52 3.6 
10 CBz-Cl Procedure 41 0 - 
11 Benzoyl-Cl Procedure 41 98 3.7 
12 Ts-Cl Procedure 39 0 - 
13 Ts-Cl Procedure 42 33 3.8 
14 Ac2O Procedure 43 81 3.9 
15 TFAA Procedure 43 0 - 
16 Boc2O Procedure 44 49 3.10 
17 Ph-B(OH)3 Procedure 45 32 3.11 
18b Me-I Procedure 39 70 3.12 
19c Me-I Procedure 39 56 3.13 
aIsolated yields. b5-nitroisatin c5-bromoisatin. 
 
Several R1 sources were attempted to be synthesized but were unsuccessful. Carboxyl benzyl (CBz), 
trifluroracetate, mesylate, and triflate were unsuccessfully installed onto the nitrogen of isatin. 
The ketone of isatins have been reported being converted to an imine, Scheme 90, with various R 
groups. This would be an additional interesting substrate class to explore that could have similar reactivity 
as isatins but provide a different scaffold of products. All attempts to synthesize these using two different 
amines, aniline and isopropyl amine, failed, see Table 86. Synthesis of this substrate class was abandoned 
due to the difficulty in their preparation.  
N
O
O
N
O
N R
 
Scheme 90: Imine synthesis from N-methyl isatin 
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Table 86: Imines attempted synthesis from N-methyl isatin 
Entry Conditions NH2R Yield (%)a 
1 
EtOH [0.67M] 
Δ 1 hr.130 
Aniline 0 
2 
AcOH (0.7 equiv) 
EtOH [0.33M] 
Δ 1 hr.131 
Aniline 0 
3 
pTsOH∙H2O (0.1 equiv) 
Toluene [0.11 M] 
Δ 22 hr.b 
Aniline 0 
4 
EtOH [0.67M] 
Δ 16 hr.132 
Isopropylamine 0 
aIsolated yields. bEquiped with a Dean-Stark trap packed with activated (baked in the oven 200 ⁰C, 24 hr.) 4 Å M.S. 
 
Another substrate class that was synthesized from the ketone of isatin was accomplished by 
formation of the ketal from two different alcohols, ethanol and ethylene glycol, Table 90. Yields on these 
two reactions were low at 25 and 36%. This substrate class was explored to change the reactivity from the 
ketone to the amide. The hypothesis was that the ketal would protect the ketone from the nucleophilic and 
reduction properties of the samarium reagent. This would only allow the amide carbonyl to react with the 
samarium reagent.  
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Scheme 91: Ketal synthesis from N-methylisatin 
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Table 87: Ketal synthesis from N-methylisatin 
Entry Conditions Yield (%)a 
1 
Ethylene glycol (1.1 equiv.) 
pTsOH∙H2O (0.1 equiv) 
Toluene [0.03 M] 
4 Å M.S. 
Δ 22 hr. 
25 
2 
HCl [12 M] (1 drop) 
EtOH [0.1 M] 
Δ 24 hr. 
36 
aIsolated yields.  
 
Initial reaction of N-methylisatin with allylSmBr failed to yield any product., Table 88 Entry 1, 
When the equiv. of the samarium reagent was increased from one to three, excitingly 3.16 was isolated in a 
9% yield, Entry 2. The reaction was monitored by TLC. After an hour there was not a change by TLC. The 
reaction time was decreased to one hour, Entry 3. The yield remained consistent. From there it was noted 
that the substrate had poor solubility in THF. Decreasing the concentration from 1 M to 0.25 M did not have 
much influence on the yield, Entry 4. Decreasing the reaction temperature had a positive effect on the 
reaction, Entry 5-7. Decreasing the concentration from 0.25 M to 0.025 M increased the yield to 73%, Entry 
8. This was determined to be the optimized reaction conditions. When the reaction was conducted at 70 ⁰C, 
3.17 was the only product isolated, in moderate yield, Entry 9. 
A common additive in SmI2 reactions, HMPA, was screened. Addition of 7 equiv. of HMPA relative 
to the samarium reagent had a negative impact on the yield, Entry 10. HMPA addition allowed for synthesis 
of 3.17 at lower temperatures but in low yields. Warming the reaction up to 25 ⁰C with addition of HMPA 
yielded 3.17 and N-methyloxindole, Entry 11. Product 3.16 was not observed. When 3 equiv. of MeOH was 
added prior to the substrate, no product was isolated, Entry 12. Lastly when the reaction was started at -78 
⁰C and allowed to warm to 25 ⁰C neither of the products were isolated, Entry 13. The two optimized reactions 
were Entry 8 and 9. These two reaction conditions provided easy allylation of isatins to form substituted 
oxindoles.  
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Scheme 92: Products of N-methyl isatin reaction with allylSmBr  
 
Table 88: Optimization of allylation of N-methylisatin by allylSmBr 
Entry 
Time 
(hrs.) 
Reaction 
Temp. (⁰C) 
Concentration 
[M] 
AllylSmBr 
Equiv. 
Yield 
3.16 (%)a 
Yield 
3.17 (%)a 
1 16 25 1 1 0 0 
2 16 25 1 3 9 0 
3 1 25 1 3 10 0 
4 1 25 0.25 3 9 0 
5 1 0 0.25 3 32 0 
6 1 -40 0.25 3 48 0 
7 1 -78 0.25 3 56 0 
8 1 -78 0.025 3 73 0 
9 1 70 0.025 3 0 40 
10b 1 -78 0.025 3 30 6 
11b,c 1 25 0.025 3 0 26 
12d 1 -78 0.025 3 0 0 
13e 24 -78→23 0.025 3 0 0 
Reaction conditions: Procedure 49. aIsolated yields. bAddition of 21 equivalents of HMPA. cIsolated N-methyloxindole (33%) in 
addition to other products. d3 equiv. of MeOH added. eReaction allowed to warm from -78 ⁰C to 25 ⁰C. 
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Scheme 93: Allylation of N-substituted isatin with allylSmBr at -78 ⁰C 
 
With two optimized conditions for the allylation reaction of N-protected isatins with allylSmBr 
determined, the N-substituted isatins synthesized in were screened, Table 89. Several functional groups were 
tolerated. When the protecting group was allyl, propargyl, benzyl (Bn), Ph, and trityl (Tr) the yields of the 
reaction were moderate to high (47-76%), Entry 4-8. Electron withdrawing groups were tolerated but to a 
lower degree. Acyl groups like Ac, pivaloyl (Piv), benzoyl, and Ts were unable to yield the desired product 
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or only yielded a low amount (0-19%), Entry 9-12. These substrates were too reactive towards the allylSmBr 
reagent. The crude 1H NMR showed several different products that after purification could not be separated. 
In addition, no starting material was recovered. Tert-butyloxycaronyl (Boc) protected isatin was allylated in 
a moderate yield (47%), Entry 13. The Boc protecting group was removed under these conditions. Allylation 
of N-Boc protected and unprotected isatin are synthetically useful way to access unprotected 2-allyl-3-
hydroyxoxindole. This product contains three functional groups available for further transformations. 
Unprotected isatin, Entry 14, was also tolerated yielding the same product as the N-boc protected 
isatin substrate but with slightly higher yields (54%). Allylation of unprotected isatin makes the N-Boc 
protected isatin unnecessary to access the same product.  
Two examples of substitutions in the 5 position were explored. These substitutions are synthetically 
useful. These substitutions were 5-nitro, Entry 2, and 5-bromo, Entry 3. Aromatic nitro groups can be 
reduced to an aromatic amine. Aromatic amines can be further transformed. Aromatic bromides are very 
important starting compounds for various cross coupling reactions. These two substituted compounds were 
tested and provided the desired product in low to moderate yields (20% and 58%), Entry 2-3. Tolerance 
toward an aromatic bromine is of importance due to the ability of Sm2+ reagents to reduce the C-Br bond.  
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Table 89: Allylation of substituted isatins with allylSmBr at -78 ⁰C 
Entry R1 R2 Yield (%)a Product 
1 Me H 78 3.16 
2 Me NO2 20 3.18 
3 Me Br 58 3.19 
4 Allyl H 47 3.20 
5 Propargyl H 59 3.21 
6 Bn H 54 3.22 
7 Ph H 76 3.23 
8 Tr H 75 3.24 
9 Ts H 19 3.25 
10 Ac H 9 3.26 
11 Piv H 0b - 
12 Benzoyl H 0b - 
13 Boc H 47c 3.27 
14 H H 54 3.27 
Procedure 49. aIsolated yield. bMultiple products made that could not be separated. cBoc protecting group was removed.   
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Scheme 94: Allylation of substituted isatins with allylSmBr at 70 ⁰C 
 
Substituted isatins were screened with the second optimized reaction condition, Scheme 94. The 
results of the screening can be seen in Table 90. The following N-subtitutions were tolerated and gave low 
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to high yields (21-78%), Entry 3-8, allyl, propargyl, Bn, Ph, and Tr. Substitution on the 5 position has a 
negative effect on the yield of the reaction. The electron withdrawing property of the nitro group prevented 
the elimination of the oxygen and resulted in the same product as when reaction is conducted at -78 ⁰C but 
in lower yield, Entry 2. The yield of the 5-bromo was low as well, Entry 3.  
Electron withdrawing groups off the N were not tolerated at elevated temperatures. Multiple 
products that were unable to be separated were synthesized when the reaction was conducted at 70, Entry 9-
13. These reactions were repeated at 25 ⁰C with the same results as 70 ⁰C. These functional groups proved to 
be too reactive towards allylSmBr. Unprotected isatin gave similar results at the N-acyl substituted substrates, 
Entry 14. 
  
Table 90: Allylation of substituted isatins with allylSmBr at 70 ⁰C 
Entry R1 R2 Yield (%)a Product 
1 Me H 40 3.17 
2 Me NO2 12b 3.18 
3 Me Br 12 3.28 
4 Allyl H 70 3.29 
5 Propargyl H 15 3.30 
6 Bn H 78 3.31 
7 Ph H 47 3.32 
8 Tr H 21 3.33 
9 Ts H 0c,d - 
10 Ac H 0c,d - 
11 Piv H 0c,d - 
12 Benzoyl H 0c,d - 
13 Boc H 0c,d - 
14 H H 0c  
Procedure 49. aIsolated yield. bSame product as -78 ⁰C reaction. cMultiple products made that could not be separated. dReaction 
was conducted at 25 and 70 ⁰C with the same results. 
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Scheme 95: Attempted electrophilic trapping 
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The intermediate of the reaction was hypothesized to be an enolate. This was attempted to be trapped 
with an electrophilic carbonyl, Scheme 95. Using either benzaldehyde or acetone to trap the enolate 
intermediate were unsuccessful, Table 91.  
 
Table 91: Attempted electrophilic trapping 
Entry E+ Yield (%)a 
1 Benzaldehyde 0 
2 Acetone 0 
 
Procedure 49. After which E+ (0.750 mmol, 3 equiv.) was added. Refluxed one additional hour and worked up. aIsolated yield 
 
 
Oxindole 
A derivative of isatin, oxindole, was subjected to allylSmBr. Synthesis of substituted oxindoles 
would be straightforward. Either by nucleophilic addition of oxindole to an electrophile, Scheme 96, or by 
hydrazine (N2H4) reduction of the ketone of N-substituted isatin, Scheme 97.  
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Scheme 96: N-substitution of oxindole 
 
Three N-substitutions were synthesized by nucleophilic addition of oxindoles to an electrophile. 
The addition of Me, Boc, and Ac groups to oxindole was accomplished in moderate to good yields, Table 
92. These nucleophilic addition reactions went smoothly and were reproducible. Synthesis of other N-
substituted oxindoles by nucleophilic addition of oxindole failed. For example, when benzyl bromide (BnBr) 
was used as the electrophile in place of methyl iodide (MeI), multiple products were obtained. The N-
substituted product was obtained in small quantities along with the α-substituted, di-α-substituted, and N,α-
substituted products. The wide variety of substituted products is a result of the pKa of the N-H and αC-H 
being very similar. In DMSO the amide proton’s pKa, 18.2, is about equal to the αC proton’s pKa, 18.5.133 
Without control of the anionic species undergoing nucleophilic addition to an electrophile there is no 
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regioselectivity. Overcoming this was accomplished by hydrazine reduction of N-substituted isatins, Scheme 
97. 
 
Table 92: Nucleophilic addition of oxindole 
Entry R Procedure Yield(%)a  Product 
1 Me Procedure 46 48 3.34 
2 Boc Procedure 47 96 3.35 
3 Ac Procedure 47 60 3.36 
aIsolated yield. 
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Scheme 97: Hydrazine reduction of N-substituted isatins 
 
Originally the procedure for hydrazine reduction called for a neat reaction with N2H4 but it was 
quickly determined that a solvent was needed to solubilize some of the N-substitutions. The ideal solvent 
was DMF, Procedure 50. This procedure gave the N-substituted oxindoles in low to good yield, Entry 3-7. 
Substitutions on the 5 position of isatin were not tolerated, Entry 1-2, and resulted in multiple byproducts 
that could not be separated from the desired product. In addition, N-acyl and N-tosyl groups were not 
tolerated under these conditions, Entry 8-10. The starting material of the N-acyl groups was consumed, and 
the product was unable to be isolated. N-tosyl substituted isatin failed to react under these conditions and was 
recovered.  
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Table 93: Hydrazine reduction of N-substituted isatins 
Entry R1 R2 Yield (%)a Product 
1 Me Br 0b,c - 
2 Me NO2 0b,c - 
3 Allyl H 82 3.37 
4 Proparyl H 54 3.38 
5 Bn H 92 3.39 
6 Ph H 75 3.40 
7 Tr H 33 3.41 
8 Benzoyl H 0b,c - 
9 Piv H 0b,c - 
10 Ts H 0d - 
Procedure 50. aIsolated yield. bProduct could not be isolated. cStarting material was consumed. dStarting material was recovered.  
 
With the process to synthesis several N-substituted oxindoles accomplished, the next step was to 
optimize the reaction of N-substituted oxindoles with allylSmBr.  As with isatin, N-methyl oxindole was 
chosen as the starting substrate, Scheme 98.  
The optimized reaction conditions for the allylation of isatin with allylSmBr was used as a starting 
point for the allylation of N-methyloxindole (3 equiv. of allylSmBr, [0.025M] substrate concentration, and 
one-hour reaction time). Several reaction temperatures were screened, Table 94. Starting with 70 ⁰C, 3.41 
was isolated in a 45% yield, Entry 1. As the reaction temperature was decreased to 0 and -40 ⁰C, the yield 
remained consistent and unreacted starting material was recovered, Entry 2-3. Decreasing the reaction 
temperature to -78 ⁰C increased the yield, Entry 4.  
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Scheme 98: Allylation of N-methyl oxindole with allylSmBr 
 
Table 94: Optimization of reaction temperature for allylation of N-methyl oxindole with allylSmBr 
Entry Temp. (⁰C) Yield 3.42 (%)a 
1 70 45 
2 0 44b 
3 -40 48b 
4 -78 77b 
Procedure 49. Reaction time of one hour. Three equiv. of AllylSmBr. [0.025 M] solution of 3.34 in THF.  aIsolated yield. bMajority 
of remaining mass recovered as unreacted starting material.  
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With the optimized reaction condition determined, the N-substituted oxindoles synthesized, Table 
92 and  Table 93, were screened, Scheme 99. The results of these, except for N-Ph and N-Boc, can be seen 
in Table 95.  
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Scheme 99: Allylation of N-substituted oxindoles with allylSmBr 
 
Ally, propargyl, and Bn N-substituted oxindoles were allylated in low to moderate yields, Entry 2-
4. When unprotected oxindole, Entry 7, and N-Trityl oxindole were reacted with allylSmBr, the reaction 
never proceeded to the product and only the starting material was recovered. These reactions were repeated 
at higher temperatures, 0, 25, and 70 ⁰C, and the results were the same. Oxindole’s reactivity can is most 
likely due to the deprotonation of oxindole by allylSmBr.  From there, the reaction can’t proceed forward. 
This verifies the need for a N-suibstitution on oxindole.  
The unreactive nature of the N-Tr, 3.41, can be explained by steric hinderance. The Tr group is in 
proximity to the carbonyl and prevents the nucleophilic addition of allylSmBr to the amide. This N-Tr amide 
was also unreactive toward reduction by the reagent. This may be a suitable protecting group for compounds 
containing an amide and other carbonyls. 
 
Table 95: Allylation of N-substituted oxindoles with allylSmBr 
Entry R Yield (%)a Product 
1 Me 77 3.42 
2 Allyl 37 3.43 
3 Propargyl 69 3.44 
4 Bn 63 3.45 
5 Tr 0b - 
6 Ac 0c - 
7 H 0b - 
Procedure 49. aIsolated yield. bNo product formation and recovered unreacted starting material. cComplex mixture of products 
that could not be separated by purification.  
 
When the N-substitution was Ph or Boc two different products were obtained, Scheme 100. The 
two different products contained two different substituted scaffolds, indole and indoline.  
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Scheme 100: Allylation of N-Ph and N-Boc oxindoles 
 
In an attempt to control the product selectivity, the allylation reaction of both N-Ph and N-Boc 
oxindole was conducted at various reaction temperatures, Table 96. The selectivity for the two products of 
N-Ph was able to be controlled via the reaction temperature. When the reaction was carried out at -78 ⁰C, 
Entry 1, the major product was 3.46 with very small amounts of 3.47 isolated. At 25 ⁰C the reaction gave a 
1:3.8 mixture of 3.46:3.47 with a total combined yield of 72%, Entry 2. At 70⁰C the 3.47 was isolated with 
a 30% yield, Entry 3.  
The selectivity of the N-Boc oxindole substrate was unable to be controlled with reaction 
temperature, Entry 4-8. The best selectivity was obtained at 70 ⁰C, Entry 8. When the reaction was carried 
out at any temperature, except for 70 ⁰C, the Boc group was still installed and the two products, 3.48 and 
3.49, were inseparable by chromatography. At 70 ⁰C the Boc group was removed and the two products were 
separable by chromatography.  
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Table 96: Allylation of N-Ph and N-Boc oxindoles with allylSmBr 
ENTRY R 
RXN. TEMP. 
(⁰C) 
INDOLE: 
INDOLINE 
COMBINED 
YIELD (%) 
1 Ph -78 >20:1 50 
2 Ph 25 1:3.8 72 
3 Ph 70 1:20< 30 
4 Boc 25 1.5:1a 68 
5 Boc 0 1.2:1a 72 
6 Boc -40 1.6:1a 66 
7 Boc -78 1:1.6a 80 
8 Boc 70 2.4:1b 71 
Procedure: Substrate (0.250 mmol, 1 equiv.) in THF ([0.025 M]) added to [0.1 M] AllylSmBr (0.750 mmol, 3 equiv.). Reaction 
time one hour. aRatio determined by crude 1H NMR. bBoc group removed. 2.4:1 2.49:2.50  
 
The mixture of products from the allylation of N-Boc oxindole was separated when the Boc 
protecting group was removed. Removal of the Boc group from both would be critical to isolation. The most 
common method for deprotection used is acidic conditions, Scheme 101.  
N
Boc
+ N
Boc
N
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R = Boc, 3.48
R = H, 3.50
 
Scheme 101: Deprotection of N-Boc products with acidic conditions 
 
Several different acidic conditions were screened to remove the Boc group, Table 97. Three 
different acids were screened. These are hydrochloric acid (HCl), at two different concentrations, 
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trifluoroacetic acidc (TFA), and phosphoric acid. In addition to the screened acidic conditions, a thermal 
removal of the Boc was attempted, Entry 6. All of the acidic conditions screened, except Entry 1, resulted 
in a de-allylation reaction of the indoline product, Scheme 101. De-allylating the indoline product to the 
indole product gave access to only one of the two products with or without the N-Boc group. 
Concentrated HCl was screened with two different solvents, ethyl acetate (EtOAc) and THF, Entry 
1-2. Of the two, the reaction in THF was the only one to deprotect the starting material. In EtOAc the starting 
material was consumed, and no product was isolated. Concentrated HCl in THF was the optimal condition 
for Boc removal and isolation of the indole product, Entry 2. Dilute HCl in DCM converted the indoline 
product to the indole product without deprotection, Entry 3. Trifluoroacetic acid (TFA) removed the Boc 
protecting group but the yield of the indole product was low, Entry 4. Concentrated phosphoric acid 
converted the indoline to the indole without deprotection but in a lower yield than concentrated HCl, Entry 
5. Thermal removal of the Boc was unsuccessful and the starting material was fully recovered, Entry 6.  
 
Table 97: Boc deprotection of 3.48 and 3.49 
Entry H+ Solvent [M] R Yield (%)a 
1 Conc. HCl EtOAc [0.06] - 0b 
2 Conc. HCl THF [0.01] H 51 
3 [1 M] HCl DCM [0.25] Boc 50 
4 TFA DCM [0.25] H 10 
5 Conc. H3PO4 DCM [0.25] Boc 36 
6 None Toluene [0.1]c Boc -d 
aIsolated yield. bNo product isolated or starting material recovered. cReaction refluxed at 110 ⁰C.  dNo reaction occurred and 
starting material was fully recovered.  
 
Isatoic Anhydride 
Another derivative of isatin that was screened was isaotic anhydride. Substituted isatoic anhydrides, 
3.52, can be synthesized from substituted isatins, 3.51, by a Baeyer-Villager oxidation, Scheme 102.134,135 
Synthesis of isatoic anhydrides from isatin was not carried out, instead commercial isatoic anhydride was 
used and N-substituted, Scheme 103. N-substitution was carried out using the same procedure as isatins, 
Procedure 39.  
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Scheme 102: Oxidation of isatin to isatoic anhydride 
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Scheme 103: N-substitution of isatoic anhydride 
 
Alkylation of isatoic anhydride was accomplished using the same alkyl source as isatin and with the 
same procedure, Table 98. Results of the alkylation were low to moderate yields for all R groups except Tr, 
Entry 5. Installing the N-Tr group was unsuccessful.  
 
Table 98: N-substituted isatoic anhydrides 
Entry R-X Yield (%)a Product 
1 Me-I 62b 3.53 
2 Allyl-Br 44c 3.54 
3 Propargyl-Br 43b 3.55 
4 Bn-Br 35b 3.56 
5 Tr-Cl 0 - 
Procedure 39. aIsolated yield. bPurified by recrystallization from EtOH. cPurified by column chromatography.  
 
With several N-substituted isatoic anhydrides synthesized, they were reacted with allylSmBr, 
Scheme 104. Using the optimized reaction conditions of oxindole, one hour at -78 ⁰C with 3 equiv. 
allylSmBr, resulting in double allylation and elimination of carbon monoxide or carbon dioxide.  
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Scheme 104: Isatic anhydride with allylSmBr 
 
The substitution of the isatoic anhydride did not have much of an effect on the yield, Table 99, 
Entry 1-4. The yields were low, 18-26%. The remaining mass was not accounted for. These yields could not 
be improved by increasing the reaction temperature. When the reaction temperature was increased multiple 
products were made. Of these no one product could be isolated separately. Further optimization would need 
to be conducted to increase the yield.  
 
Table 99: Allylation of N-substituted isatoic anhydride with allylSmbr 
Entry R Yield (%)a Product 
1 Me 18 3.57 
2 Allyl 25 3.58 
3 Propargyl 25 3.59 
4 Bn 26 3.60 
Procedure 49. aIsolated yields.  
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CHAPTER FOUR: CONCLUSIONS AND FUTURE WORK 
SMI2 PROMOTED REACTIONS  
Three different five membered ring formation were accomplished using SmI2 to promote the carbon-
carbon bond formation. Two of the three underwent a Reformatksy reaction with SmI2 to produce the Sm-
enolate. This enolate reacted either with an aldehyde, Reformatsky-aldol reaction, or with a carbon bearing 
a leaving group, Reformatsky-alkylative cyclization, Figure 28. These products were isolated in good yields. 
The inclusion of a readily available inexpensive additive, LiBr, led to increased product yields and excellent 
diastereoselectivity for the Reformatsky-aldol reaction.  The syn product was the major diasteromer isolated.  
Optimizing the reaction sequence to get to the substrates resulting in the discovery that the Grignard 
lactone ring opening did not need catalytic amounts of NaOMe, as previously reported. In addition to that, it 
was discovered that PTT can tolerate the presence of an unprotected alcohol when it is used to α-brominate 
an aromatic ketone.  
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Figure 28: Reformatsky-Aldol and Alkylative cyclization 
 
Pinacol cyclization promoted by SmI2 to form five membered carbocylces was accomplished. 
Cyclization occurred at 25 ⁰C without the need for any additional additives. Perfect d.r.’s with low to good 
yields were accomplished by this cyclization. To improve the yield of several of the substrates, LiBr additive 
was utilized. This improved the yield of some of the low yielding products. In addition, the m-methoxy 
substrate’s yield was lowered, and the reaction did not go to completion.  
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Figure 29: Pinacol cyclization 
 
Attempts at inducing enatioselectivity via chiral ligands were promising and would need further 
studies to optimize. The chiral crown ether provided a 30% ee and R-Binol provided a 45% ee. Improving 
the asymmetric reaction could be improved by using a different ligand scaffold or modifications of the current 
scaffolds.  
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Future work in the area of SmI2 promoted five membered carbocycle formation would start with the 
expansion of these cyclizations to esters and amides. Secondly, the optimization of the Reformatsky 
alkylative cyclization with a secondary leaving group to improve the d.r. and yield of the product. Lastly the 
optimization of the ideal ligand for asymmetric SmI2 cyclizations and the optimization of the catalytic SmI2 
cyclization reactions.  
 
AllylSmBr reactions with isatin and isatin derivatives 
Isatin and isatin derivatives were substituted using previously established procedures, Figure 30. 
These substituted isatins and isatin derivatives were allylated with allylSmBr, Figure 31. Under controlled 
conditions, reduction of the substrate with Sm2+ occurred after allylation of the substrate. The products of the 
allylation reaction provided highly functionalized scaffolds containing one or two terminal alkenes, in 
addition to other functional groups.  
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Figure 30: Synthesis of substrates 
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Figure 31: Scaffolds synthesized from isatin and its derivatives with allylSmBr 
 
Future work in the area of allylation of isatin and isatin derivatives with allylSmBr would be the 
expansion of the methodology to the Schiff base derivatives of isatin. This could provide another scaffold for 
the reaction. Further optimization of the allylation of isatoic anhydride is needed. Lastly, the synthesis of 
other organosamarium reagents and exploration of the reactivity of those with isatin and isatin derivatives 
could provide alternative products.  
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APPENDIX A: MATERIALS AND METHODS 
All starting materials were purchased from commercially available sources. Tetrahydrofuran and 
dichloromethane solvents were purified prior to use by Innovative Technology Pur Solv system. Reactions 
were conducted under nitrogen atmosphere. NMR spectra were acquired on a Bruker 500 MHz NMR. Proton 
spectra were acquired at 500 MHz. Carbon spectra were acquired at 126 MHz. Infrared spectra were acquired 
on a Thermo Scientific IR. A benzophenone sample gave a carbonyl stretch at 1655 cm-1. Melting points 
where acquired on a DigiMelt MPA160 melting point instrument. Products were purified by column 
chromatography on silica gel using a Teledyne Isco CombiFlash Rf 200 or by manual column 
chromatography. Where two molecular ion peaks are reported, the second is from the M+2 peak from the 
molecular isotope of Br and Cl. 
SmI2 Reactions 
Procedure 1: NaOH ring opening of caprolactone 
 
Synthesis of the carboxylic acid, 6-hydroxyhexanoic acid, 2.7, was accomplished by addition of 100 
mL of [0.54 M] NaOH (54.0 mmol, 2 equiv.) to ε-caprolactone (27.0 mmol, 1 equiv.). The reaction was 
stirred at 25 ⁰C overnight (23 hours). The pH of the reaction mixture was lowered to 2 by the addition of [2 
M] HCl(aq). The aqueous layer was extracted with three equal portions of Et2O. The combined organic layers 
were washed with a saturated brine solution, dried over anhydrous Na2SO4, and concentrated to dryness. The 
crude 2.7 was used without any purifications.136 The lack of any aromatic rings made it impossible to see on 
a TLC plate without the aid of a stain. The ideal stain for visualization of the product was CAM. 
 
Procedure 2: Peptide coupling of Weinreb amine and carboxylic acid 
 
Synthesis of the amide, 6-hydroxy-N-methoxy-N-methylhexanamide, 2.8, was accomplished by 
doing a peptide coupling reaction with HOBT and EDC.  HOBT (3.3 mmol, 1.5 equiv.), EDC (2.60 mmol, 
1.2 equiv.), N,O-dimethylhydroxylamine hydrochloride (Weinreb amine) (2.20 mmol, 1 equiv.), and Hunig’s 
Base (2.60 mmol, 1.2 equiv.) was added to a solution of 2.7 (2.20 mmol, 1 equiv.) in DCM (14.6 mL, 
[0.15M]). Reaction was stirred overnight (twenty-two hours). Following the reaction completion, it was 
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diluted with DCM and washed in sequence with saturated NaHCO3(aq) solution than saturated NH4Cl(aq) 
solution. The organic layer was dried over anhydrous Na2SO4, concentrated to dryness, and purified by 
column chromatography.  
 
Procedure 3: Acid catalyzed ring opening of lactone 
 
Synthesis of the ester, methyl 6-hydroxyhexanoate, 2.9, was accomplished by addition of 
concentrated H2SO4 (0.40 mL) to a solution of ε-caprolactone (8.80 mmol, 1 equiv.) dissolved in MeOH 
(26.3 mL, [0.33 M]). The reaction was refluxed for two hours at 70 ⁰C. The reaction was neutralized by slow 
addition of Na2CO3(s) and diluted with Et2O. The organic layer was washed with H2O followed by a saturated 
brine solution, dried over Na2SO4, and concentrated to dryness. XXX was used without any further 
purifications.137 Like the carboxylic acid and amide, the ideal stain for viewing on a TLC plate was CAM.  
 
Procedure 4: Ring opening with an organolithium reagent 
 
Synthesis of 6-hydroxy-1-phenylhexan-1-one, 2.10, was accomplished by slow addition of a [1 M] 
solution of ε-caprolactone (8.76 mmol, 1 equiv.) in Et2O (8.76 mL) to a [0.3 M] solution of PhLi (8.76 mmol, 
1 equiv.) in Et2O (29.2 mL) at -78 ⁰C (CO2(s)-acetone bath). The reaction was warmed to 25 ⁰C and stirred 
for three hours. The reaction was washed with saturated brine solution, dried over anhydrous Na2SO4, and 
concentrated to dryness. Product purified by column chromatography.138  
 
Procedure 5: Lactone ring opening with a Grignard reagent 
 
This procedure called for slow addition of a [1 M] solution PhMgBr (8 equiv.) in THF to a stirred 
solution of ε-caprolactone (5.00 mmol, 1 equiv.), Weinreb amine (6.00 mmol, 1.2 equiv.), NaOMe (1.25 
mmol, 0.25 equiv.) and THF (100 mL, [0.05 M]) at roughly -15 ⁰C (methanol-ice bath). The original 
procedure used a salt-ice bath, but the methanol-ice bath was determined to be sufficient. The reaction 
naturally warmed to 25 ⁰C and stirred overnight (eighteen hours). Addition of [2 M] HCl(aq) quenched the 
reaction. After an hour of stirring at 25 ⁰C, the reaction was concentrated under vacuum to remove the THF 
177 
solvent. This left the aqueous phase with an oily layer. The reaction was diluted with EtoAc. After the 
aqueous layer was removed, the organic layer was washed with a 10% w/v Na2S2O3(aq.) solution followed by 
a saturated brine solution. The organic layer was dried over anhydrous Na2SO4, concentrated to dryness, and 
purified by column chromatography.121 
 
Procedure 6: Aromatic Grignard preparation 
 
Magnesium metal (3 equiv.) was added to a stirring solution of the bromo substituted aromatic 
compond (1 equiv.) in THF ([1M]) followed by addition of one iodine crystal. The reaction was refluxed at 
70 ⁰C and the color quickly changed from orange to gray. After two hours the reaction was cooled to 25 ⁰C 
and was used immediately.  
 
Procedure 7: TBS protection 
 
The primary alcohol (8.67 mmol, 1 equiv.) was dissolved in DCM (28.8 mL, [0.312 M]) and cooled 
to 0 ⁰C (ice-water bath). Imidazole (13.0 mmol, 1.5 equiv.) and TBS-Cl (13.0 mmol, 1.5 equiv.) were added 
and the reaction was removed from the cooling bath and warmed to 25 ⁰C and stirred until determined to be 
completed by TLC analysis (two to eighteen hours). After the completion of the reaction, it was diluted with 
DCM. The organic layer was washed with saturated NH4Cl(aq.) solution. After removal of the organic layer 
the aqueous layer was extracted with DCM. The organic layers were combined, dried over anhydrous Na2SO4, 
concentrated to dryness, and purified by column chromatography.139 
 
Procedure 8: TBS protection using I2 
 
The alcohol (1.64 mmol, 1 equiv.) was dissolved in DCM (4.96 mL, [0.33 M]) at 25 ⁰C. To this was 
added 1-Methylimidazole (4.92 mmol, 3 equiv.), iodine (4.92 mmol, 3 equiv.), and TBS-Cl (1.97 mmol, 1.2 
equiv.). The reaction was stirred until determined to be completed by TLC analysis (one hour). After the 
completion, the reaction was diluted with DCM and washed with 10% (w/v) Na2S2O3(aq.) solution followed 
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by saturated NH4Cl(aq.) solution. The organic layer was dried over anhydrous Na2SO4, concentrated to dryness, 
and purified by column chromatography.123 
 
Procedure 9: Titration of n-BuLi 
 
A Schlenk flask was flame dried, evacuated, and backfilled with N2 atmosphere. Diphenyl acetic 
acid (DPAA) (50 mg, 0.236 mmol, 1 equiv.) was dissolved in THF (2 mL, [0.12 M]. To this was added 
dropwise n-butyllithium (n-BuLi). The point when the yellow color persists is the end point of the titration. 
This process is repeated a total of three times. Each of these runs is done with a different amount of DPAA. 
  
Procedure 10: α-Bromination with LDA 
 
Diisopropylamine (0.500 mmol, 1.3 equiv.) and THF (1.25 mL, [0.4 M]) were added to a flask at -
78 ⁰C (solid CO2–acetone bath). Once the flask had cooled, n-BuLi (1.3 equiv.) (concentration determined 
prior to use by Procedure 9) was added. After five minutes of stirring a solution of the carbonyl (with a TBS-
protected alcohol) (0.384 mmol, 1 equiv.) and chlorotrimethylsilane (TMS-Cl) (0.672 mmol, 1.75 equiv.) in 
THF (0.96 mL, [0.4 M] was added. After stirring at -78 ⁰C for one hour, N-bromosuccinimide (NBS) (0.461 
mmol, 1.2 equiv.)  was added in one portion. The reaction was warmed to 0 ⁰C (ice-water bath) and stirred 
for an additional hour. Quenching the reaction was accomplished by the slow addition of saturated NaHCO3 
and warming the reaction to 25 ⁰C. After the reaction was quenched, the reaction was diluted with EtoAc and 
washed with saturated Brine solution. The organic layer was then dried over anhydrous Na2SO4, concentrated 
to dryness, and purified by column chromatography.140  
 
Procedure 11: α-Bromination with CaCO3 
 
The carbonyl (TBS-protected alcohol) (0.384 mmol, 1 equiv.) was dissolved in DCM (0.62 mL, 
[0.62 M]). To this stirring solution was added calcium carbonate (CaCO3) (0.461 mmol, 1.2 equiv.) and the 
Br source (0.384 mmol, 1 equiv.). The reaction was stirred overnight (nineteen hours). Quenching the 
reaction was accomplished by slow addition of [2 M] HCl(aq.). The reaction was diluted with DCM. Organic 
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layer was collected, and the aqueous layer was extracted with two portions of DCM. Combined organic layers 
were dried over anhydrous Na2SO4, concentrated to dryness, and purified by column chromatography. 
 
Procedure 12: α-Bromination by CuBr2 
 
The carbonyl (TBS-protected) (2.03 mmol, 1 equiv.) was dissolved in acetonitrile (MeCN) (2.03 
mL, [1 M]) and CuBr2 (4.06 mmol, 2 equiv.) was added in one portion. The reaction was stirred overnight 
(sixteen hours). After which, saturated NH4Cl(aq.) was added and stirred for one hour (removed most of the 
copper salts from the organic layer). After an hour, the reaction was diluted with DCM and the aqueous layer 
was extracted with DCM twice. Combined organic layers were dried over anhydrous Na2SO4, concentrated 
to dryness, and purified by column chromatography.141  
 
Procedure 13: α-Bromination by PTT 
 
The carbonyl (TBS-protected or unprotected alcohol) (2.00 mmol, 1 equiv.) was dissolved in THF 
(10 mL, [0.2 M]). Phenyltrimethyl tribromide (PTT) (2.00 mmol, 1 equiv.) was added in one portion. Over 
the course of an hour the reaction went from an orange color to a yellow color and a precipitate formed (white 
solid). After this hour the reaction was determined to be complete by TLC. The reaction was diluted with 
EtoAc and washed with Na2S2O3(aq.) (10% w/v), followed by saturated brine solution. The organic layer was 
dried over anhydrous Na2SO4, concentrated to dryness, and purified by column chromatography.142 
 
Procedure 14: α-Bromination of 2-pyridyl 
 
The 2-pyridyl carbonyl (TBS or TBDPS protected) (2.00 mmol, 1 equiv.) was dissolved in AcOH 
(10 mL, [0.2 M]). HBr (1 mmol, 1 equiv.) and Br2 (1 mmol, 1 equiv.) were added. The reaction was stirred 
overnight (sixteen to twenty-four hours). The reaction was poured into onto ice. The reaction was extracted 
with EtoAc three times. Combined organic phase was washed with a saturated Ca2CO3 solution followed by 
a saturated brine solution. The organic layer was dried over anhydrous Na2SO4, concentrated to dryness, and 
purified by column chromatography. 143 
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Procedure 15: Deprotection with pTsOH 
 
A solution of TBS-alcohol (0.901 mmol, 1 equiv.) in THF/H2O (20:1) or ethanol (EtOH) (4.55 mL, 
[0.2 M]) was added to a flask. To this solution was added p-toluenesulfonic acid monohydrate (pTsOH∙H2O) 
(0.091 mmol, 0.1 equiv.). The reaction was stirred overnight (sixteen hours). After which, it was diluted with 
EtoAc and washed with saturated NaHCO3(aq.) solution followed by a saturated brine solution. The organic 
layer was dried over anhydrous Na2SO4, concentrated to dryness, and purified by column chromatography.140  
 
Procedure 16: Deprotection with HF∙py 
 
The TBS-protected alcohol (0.278 mmol, 1 equiv.) was dissolved in THF (3.5 mL, [0.08 M]) and 
added to a plastic centrifuge tube. The reaction was cooled to 0 ⁰C (ice-water bath). To this stirring solution 
was slowly added hydrogen fluoride pyridine solution (65-70%) (0.556 mmol, 2 equiv.). The reaction was 
stirred at 0 ⁰C (ice-water bath in the 4 ⁰C cold room) overnight (sixteen to twenty-four hours). The reaction 
was diluted with EtoAc and washed with saturated NaHCO3(aq.). The organic layer was removed, and the 
aqueous layer extracted with EtoAc. The combined organic layers were washed with saturated brine solution, 
dried over anhydrous Na2SO4, concentrated to dryness, and purified by column chromatography.144  
 
Procedure 17: Alcohol oxidation by PCC oxidation 
 
The alcohol (1.31 mmol, 1 equiv.) was dissolved in DCM (2.91 mL, [0.45M]) and to this was added 
pyridinium chlorochromate (PCC) in three portions (1.97 mmol, 1.5 equiv.). The reaction was stirred 
overnight (sixteen to twenty-four hours), after which it was diluted with diethyl ether (Et2O), filtered, 
concentrated to dryness, and purified by column chromatography.145  
 
Procedure 18: Alcohol oxidation by PDC oxidation 
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The alcohol (0.351 mmol, 1 equiv.) was dissolved in DCM (7.02 mL, [0.05M]) and to this was 
added pyridinium dichromate (PDC) in three portions (0.527 mmol, 1.5 equiv.). The reaction was stirred 
overnight (sixteen to twenty-four hours), after which it was diluted with DCM, filtered, concentrated to 
dryness, and purified by column chromatography.146  
 
Procedure 19: Alcohol oxidation by Swern oxidation 
 
Dimethyl sulfoxide (DMSO) (0.884 mmol, 2.2 equiv.) was dissolved in DCM (2.68 mL, [0.33 M]) 
and cooled to -78 ⁰C (solid CO2-acetone bath). To this was added a solution of oxalyl chloride (0.482 mmol, 
1.2 equiv.) in DCM (1.64 mL, [0.3 M]) over a twenty-minute period. After this addition, the reaction was 
stirred for thirty minutes. After which, a solution of the alcohol (0.402 mmol, 1 equiv.) in DCM (0.52 mL, 
[0.78M]) was added over a ten-minute period. After this addition, the reaction was stirred for three hours. 
Triethylamine (TEA) (2.01 mmol, 5 equiv.) was added. The reaction was stirred for an additional four hours, 
after which addition of saturated NH4Cl(aq.) quenched the reaction. The reaction was diluted with DCM. The 
aqueous layer was extracted twice with DCM. The combined organic layers were dried over anhydrous 
Na2SO4, concentrated to dryness, and purified by column chromatography.  
 
Procedure 20: Acohol oxidation by Parikh-Doering oxidation 
 
The alcohol (0.288 mmol, 1 equiv.) was dissolved in DCM/DMSO (2:1) (4.11 mL, 0.07 M]. TEA 
(1.44 mmol, 5 equiv.) and sulfur trioxide pyridine complex (SO3∙py) (1.152 mmol, 4 equiv.) was added to 
the solution. The reaction was stirred for an hour and half. The reaction was diluted with DCM and washed 
with H2O three times. The organic layer was dried over anhydrous Na2SO4, concentrated to dryness, and 
purified by column chromatography.147  
 
 
Procedure 21: Alcohol oxidation by DMP oxidation 
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The alcohol (1.00 mmol, 1 equiv.) was dissolved in DMSO (5.00 mL, [0.2 M]) and to this was added 
Dess-Martin periodinane (DMP) (1.10 mmol, 1.1 equiv.). After two hours the reaction was diluted with 
EtoAc and washed with three portions of H2O, followed by a saturated NaHCO3(aq.) solution, and lastly a 
saturated brine solution. The organic layer was dried over anhydrous Na2SO4, concentrated to dryness, and 
purified by column chromatography.126  
 
Procedure 22: Generation of SmI2 reagent 
 
Samarium metal (2.60 mmol, 1.3 equiv.), 1,2-diiodoethane (2.00 mmol, 1 equiv.), and THF (20 mL, 
[0.1 M]) were added to a flask that had been flame dried, evacuated, and backfilled with N2 atmosphere. The 
reaction was sonicated under positive N2 atmosphere for ten minutes. After which, the SmI2 was continuous 
stirred. This is a sufficient stock to pull from to perform multiple different reactions.  
 
Procedure 23: Titration of SmI2 with cyclohexanone 
 
To a flame dried flask, that was evacuated and N2 backfilled three times, was added a solution of 
SmI2 in THF (1.0 mL, 1 equiv.) (the exact volume was noted), TEA (0.21 mL), and H2O (33 μL). 
Cyclohexanone was carefully titrated until the color changed from dark brown to white. Repeated two 
additional times. The concentration of SmI2 was determined by calculating the mmol of cyclohexanone added 
divided by the volume of SmI2 solution added. Average the three runs.13   
 
Procedure 24: Reformatsky-Aldol SmI2 reaction 
 
To a flame dried, evacuated, and N2 backfilled flask was added LiBr (8.80 mmol, 17.6 equiv.) and 
a [0.1 M] solution of SmI2 (1.10 mmol, 2.2 equiv.). The reaction was cooled to -15 ⁰C (MeOH-ice bath). A 
solution of the substrate (0.500 mmol, 1 equiv.) in THF (16.7 mL, [0.03M]) was added. The reaction 
temperature was maintained below 0 ⁰C for four hours. After which, the reaction was warmed to 25 ⁰C and 
saturated NaHCO3(aq.) was added. The reaction was stirred for one hour. Then it was diluted with EtoAc. The 
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aqueous layer was extracted with three portions of EtoAc. The combined organic layers were washed with a 
Na2S2O3(aq.) (10% w/v) solution followed by a saturated brine solution. The organic layer was dried over 
anhydrous Na2SO4, concentrated to dryness, and purified by column chromatography.  
 
Procedure 25: Acetal synthesis 
 
This was carried out by adding the aldehyde (0.346 mmol, 1 equiv.), MeOH (3.46 mL, [0.1M]), 
trimethyl orthoformate (0.381 mmol, 1.1 equiv.), and pTsOH∙H2O (0.035 mmol, 0.1 equiv.) to a flask. The 
reaction was stirred overnight (sixteen to twenty hours). The reaction was diluted with DCM and washed 
with saturated NaHCO3(aq.). The aqueous layer was extracted three times with DCM. The combined organic 
layers were dried over anhydrous Na2SO4, concentrated to dryness, and purified by column chromatography. 
 
Procedure 26: Tosylation of primary alcohols 
 
A scintillation vial containing the alcohol (2.53 mmol, 1 equiv.) to be tosylated was dissolved in 
THF (12.6 mL, [0.2M]). The reaction was cooled to 0 ⁰C (ice-water bath). TEA (3.79 mmol, 1.5 equiv.) and 
TsCl (2.78 mmol, 1.1 equiv.) was added in sequence. The reaction was warmed to 25 ⁰C and stirred overnight 
(sixteen to twenty-two hours). The reaction was concentrated and purified by column chromatography. 
 
Procedure 27: Mesylation of primary alcohols 
 
A scintillation vial containing the alcohol (1.17 mmol, 1 equiv.) to be mesylated was dissolved in 
DCM (5.86 mL, [0.2M]) and cooled to 0 ⁰C (ice-water bath). TEA (1.76 mmol, 1.5 equiv.) and MsCl (1.29 
mmol, 1.1 equiv.) was added in sequence. The reaction was maintained at 0 ⁰C. After the reaction was 
determined to be done by TLC (1 hour), it was concentrated and purified by column chromatography.  
 
 
Procedure 28: Alkyl chloride synthesis from primary alcohols 
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The synthesis of the primary chloride from the primary alcohol was done by dissolving the starting 
alcohol (1.26 mmol, 1 equiv.) in Pyridine (1.26 mL, [1M]). The reaction was cooled to 0 ⁰C. Once cooled, 
SOCl2 was added dropwise. Proceeding the addition of SOCl2, the reaction was warmed to 23 ⁰C. After 
stirring for an hour and half, the reaction was diluted with EtoAc and washed with H2O followed by a 
saturated brine solution. The organic layer was dried over anhydrous Na2SO4, concentrated to dryness, and 
purified by column chromatography. 
 
Procedure 29: Alkyl bromide synthesis from primary alcohols 
 
The synthesis of the primary bromide from the primary alcohol was done by dissolving the starting 
alcohol (1.63 mmol, 1 equiv.) in DCM (81.7 mL, [0.02M]). The reaction was cooled to 0 ⁰C (ice-water bath). 
Once cooled, CBr4 (1.80 mmol, 1.1 equiv.) and PPh3 (1.80 mmol, 1.1 equiv.) was added and the reaction was 
stirred at 25 ⁰C. After two hours the reaction was concentrated to dryness and purified by column 
chromatography.148  
 
Procedure 30: Alkyl iodide synthesis from primary alcohols 
 
The synthesis of the primary iodide was synthesized by dissolving the alcohol (0.762 mmol, 1 
equiv.) in DMF (1.01 mL, [0.75 M]). In a separate round bottom flask was added a [0.3 M] solution of PPh3 
(0.914 mmol, 1.2 equiv.) in DCM. The reaction flask was cooled to 0 ⁰C (ice-water bath). After which, I2 
(0.914 mmol, 1.2 equiv.) was added in three portions. The reaction was stirred for thirty minutes, after which 
the solution of the primary alcohol in DMF was added dropwise. Once all the alcohol solution was added, 
the reaction was warmed to 25 ⁰C and stirred for two hours. The reaction was diluted with DCM and washed 
with a saturated NH4Cl(aq.) solution. The organic layer was removed, and the aqueous layer was extracted 
with DCM. The combined organic layers were dried over anhydrous Na2SO4, concentrated to dryness, and 
purified by column chromatography. 
Procedure 31: Acetylation of primary alcohols 
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The synthesis of the acetalated primary alcohol was synthesis by dissolving the alcohol (0.933 
mmol, 1 equiv.) in DCM (0.82 mL, [1.14 M]). Following this Ac2O (or TFAA) (1.87 mmol, 2 equiv.) and 
DMAP (4.67x10-2 mmol, 0.05 equiv.) were added. The reaction was stirred at 25 ⁰C. After two hours the 
reaction was determined to be done by TLC. MeOH was added to quench the Ac2O (or TFAA). The reaction 
was diluted with DCM and washed with saturated NaHCO3(aq.). The aqueous layer was extracted with DCM. 
After the organic layers were combined, it was dried over anhydrous Na2SO4, concentrated to dryness, and 
purified by column chromatography.  
 
Procedure 32: Synthesis of 6-methyl-ε-caprolactone 
 
To a flask was added 2-methylcyclohexanone (20.0 mmol, 1 equiv.), DCM (50.0 mL, [0.4M]), and 
mCPBA (48.0 mmol, 2.4 equiv.) at 0 ⁰C (ice-water bath). After addition of the mCPBA, the reaction was 
warmed to 25 ⁰C and stirred overnight (twenty-two hours). The reaction was washed with saturated 
NaHCO3(aq.) solution followed by a saturated Na2S2O3(aq.) (10% w/v). The organic layer was dried over 
anhydrous Na2SO4, concentrated to dryness, and purified via vacuum distillation (95 ⁰C). 
 
Procedure 33: Grignard addition to aromatic aldehydes 
 
To a flame dried 10 mL round bottom flask that was vacuumed and backfilled with N2, was added 
5-bromopentene (3.30 mmol, 1.1 equiv.), magnesium metal (6.60 mmol, 2.2 equiv.), 1 small I2 crystal, and 
THF (3.3 mL, [1 M]). The reaction was refluxed at 70 ⁰C. After two hours, the reaction was cooled to room 
temperature. To a separate flame dried 25 mL round bottom flask was added the aldehyde (3.00 mmol, 1 
equiv.) and THF (6.00 mL, [0.5 M]). The Grignard reagent was added dropwise and then stirred overnight 
(generally sixteen to twenty-four hours). 20 mL of [2 M] HCl(aq.) was added and the reaction was stirred for 
an additional hour. The reaction was diluted with EtoAc (50 mL) and washed with Na2S2O3 (10% w/v) (50 
mL) followed by saturated brine solution (50 mL). The organic layer was collected, dried over Na2SO4, 
concentrated to dryness, and purified by column chromatography.126  
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Procedure 34: Wacker oxidation of terminal alkenes 
 
Wacker oxidation was completed by dissolving the alkene (1.53 mmol, 1 equiv.) in DMF (21.8 mL, 
[0.07 M]) and H2O (3.06 mL, [0.5M]). After the addition of the solvents, PdCl2 (0.153 mmol, 0.1 equiv.) and 
1,4-benzoquinone (1,4-BQ) (2.29 mmol, 1.5 equiv.) was added. The reaction was stirred overnight (sixteen 
to nineteen hrs.) After completion of the reaction, it was diluted with EtoAc (50 mL) and washed in sequence 
with Na2S2O3(aq.) (10% w/v), [6 M] NaOH(aq.), H2O (three times), and saturated Brine solution (50 mL each). 
The organic layer was collected, dried over anhydrous Na2SO4, concentrated to dryness, and purified by 
column chromatography.  
 
Procedure 35: Spin trapping 
 
To a flask that was flame dried followed by three rounds of evacuation and N2 backfilling was added 
a solution of the substrate (0.050 mmol) in THF (0.5 mL, [.1 M]) and 1.0 mL spin trap in THF [30-50 mM]. 
To this flask was added 2 mL of [0.1 M] SmI2 (0.200 mmol). This reaction quickly turned yellow, indicating 
that a reaction occurred. Using the syringe, the solution was manually mixed. A small portion of the reaction 
was added to an EPR tube. The EPR spectra was then measured. The following negative control reactions 
were conducted: SmI2 and substrate, substrate and spin trap, and spin trap. These were done with the same 
procedure.  
 
Procedure 36: Synthesis of a solution of NaOD in D2O 
 
Sodium hydroxide (NaOH) (1.00 mmol) was dissolved in 10 mL D2O. The solution was boiled until 
less than 1 mL remained. After which, the solution was cooled to 25 ⁰C and 10 mL of D2O was added and 
subjected to boiling until almost dry again. This process was repeated two additional times. After the final 
boiling, the volume was brought to 10 mL with D2O.  
 
Procedure 37: α-Deuterium exchange 
 
187 
To a flask charged with the phenyl ketone substrate was added 1 mL of a [1 M] solution of NaOD 
in D2O followed by 9 mL of D2O. The reaction was refluxed at 100 ⁰C for eight hours. After the reaction was 
cooled, the aqueous layer was extracted with DCM (25 mL) three times. The combined organic layer was 
dried over Na2SO4 and concentrated to dryness. Installing the α-bromo and mesylation of the primary alcohol 
was accomplished using Procedure 13 and Procedure 27. This exchange was confirmed by 1H NMR and 
HRMS. In the 1H NMR the peaks associated with the α-proton wear absent.  
 
Procedure 38: Procedure for catalytic SmI2 
 
A flame dried flask was evacuated and N2 backfilled three times. The metal was added (5.60 mmol, 
8 equiv.) followed by LiBr (1.12 mmol, 1.6 equiv.) was added. The flask was evacuated three additional 
times manually using a syringe. To this flask was added [0.1 M] SmI2 (0.140 mmol, 0.2 equiv.). The reaction 
was cooled to -15 ⁰C (methanol-ice bath). A solution of the substrate (0.700 mmol, 1 equiv.), TMS-Cl (0.770 
mmol, 1.1 equiv.) in THF (23.3 mL, [0.03m]) was added. The reaction was stirred overnight (twenty hours). 
After the allotted time, [2 M] HCl(aq.) was added and the reaction was stirred for an additional hour. After an 
hour, the reaction was diluted with EtoAc. The organic layer was washed with saturated NaHCO3(aq.), 
Na2S2O3 (10%w/v), and saturated brine solution. The organic layer was dried over Na2SO4, concentrated to 
dryness, and purified by column chromatography.129  
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AllylSmBr Reactions  
Procedure 39: Procedure I for N-substitution of Isatin 
 
To a flask charged with Isatin (5.00 mmol, 1 equiv.) was added DMF (5mL, [1M]) and NaH (5.50 
mmol, 1.1 equiv.). The reaction quickly went from an orange to a dark purple color. After an hour, the R1 
Source (5.50 mmol, 1.1 equiv.) was added. The reaction was stirred for an hour. Upon completion of the 
reaction, H2O (>10 mL) was added. After stirring for at least fifteen minutes, the reaction was vacuum filtered 
to isolate the crude product. The crude product was dried in the oven (except the N-allyl due it’s melting 
point being reported at 86-88 ⁰C)149. In most cases the crude was pure and could be used without further 
purification. If further purification was needed, column chromatography was used.150 
 
Procedure 40: Procedure II for N-substitution of Isatin 
 
To a flask charged with Isatin (13.5 mmol, 1 equiv.) was added pyridine (15 mL, [0.9 M]) and R1 
Source (13.5 mmol, 1 equiv.) at 0 ⁰C (ice-water bath). The reaction temperature was maintained for three 
hours, after which the reaction was poured into a beaker containing ice. After all the ice had melted, the 
product was isolated by vacuum filtration. The crude product was determined to be pure and used without 
further purification.151 
 
Procedure 41: Procedure III for N-substitution of Isatin 
 
To a flask charged with Isatin (5.00 mmol, 1 equiv.) was added DMAP (0.500 mmol, 0.1 equiv.), 
Hunigs Base (15.0 mmol, 3 equiv.), DCM (50 mL, [0.1 M]), and R1 Source (5.50 mmol, 1.1 equiv.) at 0 ⁰C 
(ice-water bath). The reaction was stirred overnight (generally sixteen to twenty hours). The reaction was 
transferred to a separatory funnel. The organic layer was washed with saturated NH4Cl(aq.) (50 mL). The 
organic layer was removed, and aqueous layer extracted with DCM (50 mL). The organic layers were 
combined, dried over Na2SO4, concentrated to dryness, and finally purified by column chromatography.  
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Procedure 42:  Procedure IV for N-substitution of Isatin 
 
To a flask charged with Isatin (10.0 mmol, 1 equiv.) was added DMF (10 mL, [1 M]), and NaH 
(20.0 mmol, 2 equiv.). Reaction cooled to 0 ⁰C (ice-water bath). Using a powder dispensing funnel, R1 Source 
(12.0 mmol, 1.2 equiv.) was very slowly added. The reaction was left to warm to room temperature overnight 
(16 hours). Upon reaction completion, H2O (>20 mL) was added and the product was collected by vacuum 
filtrated. The crude product was determined to be pure and used without further purification.152  
 
Procedure 43:  Procedure V for N-substitution of Isatin 
 
To a flask charged with Isatin (2.00 mmol, 1 equiv.) was added R1 Source (6.67 mL, [0.3M]). The 
reaction was refluxed at 140 ⁰C. After three hours, the reaction was cooled to 23 ⁰C. The reaction was poured 
into a beaker containing ice. After the ice had melted the product was isolated by vacuum filtration. The 
crude product was determined to be pure and used without further purification.153  
 
Procedure 44:  Procedure VI for N-substitution of Isatin 
 
To a flask charged with Isatin (1.00 mmol, 1 equiv.) was added R1 Source (1.10 mmol, 1.1 equiv.), 
DMAP (0.100 mmol, 0.1 equiv.), and THF (5.00 mL, [0.2 M]). Reaction stirred at 25 ⁰C for six hours. Crude 
product isolated by vacuum filtration and purified by recrystallization with 20% EtoAc:Hexanes. Crystals 
washed with Hexanes.154 
 
Procedure 45:  Procedure VII for N-substitution of Isatin 
 
To a flask charged with Isatin (2.00 mmol, 1 equiv.) was added R1 Source (3.00 mmol, 1.5 equiv.), 
Cu(OAc)2∙H2O (2.00 mmol, 1 equiv.), TEA (4.00 mmol, 2 equiv.) and DCE (30 mL, [0.67 M]). The reaction 
was stirred for twenty-four hours. After completion, the reaction was filtered through packed celite with 
EtOH. This was concentrated and purified by column chromatography.155 
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Procedure 46: N-methylation of oxindole 
 
To a flask charged with oxindole (5.00 mmol, 1 equiv.) was added Toluene (10 mL, [0.5M]) and 
NaH (5.00 mmol, 1 equiv.). The reaction was refluxed at 110 ⁰C for one hour. After an hour, dimethylsulfide 
(5.00 mmol, 1 equiv.) was added dropwise. Reaction continued to be refluxed for an additional sixteen hours. 
After which, the reaction was cooled to 25 ⁰C, diluted with EtoAc, washed in sequence with saturated 
NaHCO3(aq.) solution and saturated brine solution. The organic layer was dried over anhydrous Na2SO4, 
concentrated to dryness, and purified by column chromatography.150  
 
Procedure 47: Boc and Ac protection of oxindole 
 
To a flask charged with oxindole (5.00 mmol, 1 equiv.) was added Na2CO3 (25.0 mmol, 5 equiv.), 
Boc2O or Ac2O (12.5 mmol, 2.5 equiv.), and THF (22.7 mL, [0.22M]). The reaction was refluxed at 70 ⁰C 
for sixteen hours. The reaction was cooled to 25 ⁰C, after which the reaction was vacuum filtered (removed 
excess Na2CO3), concentrated to dryness, and purified by column chromatography.  
 
Procedure 48: Synthesis of allylSmBr 
 
A flame dried flask was evacuated and N2 backfilled three times. To this was added Sm0 (0.975 
mmol, 1.3 equiv.), THF (7.5 mL, [0.1 M]), allylbromide (0.750 mmol, 1 equiv.), and 1 small iodine crystal. 
The flask was stirred for one hour at 25 ⁰C, after which the reaction was a dark purple color.   
 
Procedure 49: Reaction of isatins and oxindoles with allylSmBr 
 
A flask charged with [0.1 M] allylSmBr (0.750 mmol, 3 equiv.) was set to the corresponding 
temperature (-78, 25, or 70 ⁰C). After which a solution of the substrate (0.250 mmol, 1 equiv.) dissolved in 
THF (10 mL, [0.025 M]) was added. The reaction was quenched after one hour by addition of 20 mL of 
saturated NaHCO3(aq.) solution and, if necessary, cooling or warming the flask to 25 ⁰C. After an additional 
hour of stirring, the reaction was diluted with EtoAc. The aquesous layer was removed and the organic was 
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washed with saturated Brine solution. Organic layer was collect, dried over anhydrous Na2SO4, concentrated 
to dryness, and purified by column chromatography.  
 
Procedure 50: Hydrazine reduction of isatins 
 
To a flask charged with the N-substituted isatin (1.00 mmol, 1 equiv.) was added DMF (10 mL, [0.1 
M]) and N2H4∙H2O (2.32 mL, [0.43 M]). The reaction was heated at 114 ⁰C in an oil bath for two hours. After 
two hours the reaction was cooled to 25 ⁰ C and diluted with EtoAc. This organic layer was washed with 
three portions of saturated Brine solution.156 
 
Procedure 51: Sodium borohydride reduction of isatin 
 
To a flask charged with N-Methylisating (2.00 mmol, 1 equiv.) was added EtOH (6.00 mL, [0.33 
M]), DCM (6.00 mL, [0.33 M]), and NaBH4 (3.00 mmol, 1.5 equiv.) at 0 ⁰C (ice-water bath). After one hour 
at 0 ⁰C, the reaction was quenched by slow addition of 2M HCl(aq.) (20 mL). Reaction was diluted with DCM 
and washed with H2O. The combined aqueous layer was extracted with DCM twice. All the organic layers 
were combined, dried over anhydrous Na2SO4, and concentrated to dryness. The crude product was subjected 
to TBS protection, Procedure 7, followed by purification by column chromatography. 
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APPENDIX B: CHARACTERIZATION DATA 
SmI2 Reactions 
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2.7 
Matched reported literature.157 
O
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N
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2.8 
 
Matched reported literature.158 
O
OH
O
 
2.9 
Matched reported literature.157 
O
OH
 
2.10 
Yield: 302.9 mg (79%), clear oil. Matched previously reported data.138  
O
OH
 
2.11 
Yield:  384.7 mg (93%), white wax like solid. Matched previously reported.159 
O
OH
O  
2.12 
Yield: 319.8 mg (72%), white wax like solid. Matched previously reported.160  
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O
OHO
 
2.13 
Yield: 304.1 mg (68%), clear oil. Rf: 0.27 (50% Ethyl Acetate:Hexanes) 1H NMR: (500 MHz, Chloroform-
d) δ 7.56 (dt, J = 7.6, 1.1 Hz, 1H), 7.51 (dd, J = 2.5, 1.6 Hz, 1H), 7.39 (t, J = 7.9 Hz, 1H), 7.13 (dd, J = 8.6, 
2.2 Hz, 1H), 3.70 (t, J = 6.5 Hz, 2H), 3.00 (t, J = 7.3 Hz, 2H), 1.79 (dt, J = 15.1, 7.4 Hz, 2H), 1.65 (dt, J = 
14.6, 6.7 Hz, 2H), 1.49 (m, 2H).; 13C NMR: (126 MHz, CDCl3) δ 200.41, 159.78, 138.32, 129.56, 120.69, 
119.35, 112.37, 62.47, 55.41, 38.57, 32.44. IR (cm-1): 3419, 2935, 2862, 1679, 1596, 1581, 1254, 1046; 
HRMS (ES+) calc. C13H18O3 [M+H]+1: 223.1334 m/z, found: 223.1331 m/z 
O
OH
 
2.14 
Yield: 362.4 mg (74%), clear oil. Rf: 0.30 (50% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 8.55 (d, J = 8.9 Hz, 1H), 7.99 (d, J = 8.2 Hz, 1H), 7.88 (dd, J = 8.1, 1.3 Hz, 1H), 7.85 (dd, J = 7.2, 1.1 
Hz, 1H), 7.59 (ddd, J = 8.5, 6.8, 1.5 Hz, 1H), 7.53 (m, 2H), 3.21 (t, J = 7.0 Hz, 2H), 3.08 (t, J = 7.3 Hz, 2H), 
1.89 (dt, J = 14.6, 7.0 Hz, 2H), 1.83 (dt, J = 15.2, 7.4 Hz, 2H), 1.53 (m, 2H).; 13C (CDCl3, ppm): (126 MHz, 
CDCl3) δ 204.45, 136.21, 133.98, 132.46, 130.11, 128.42, 127.87, 127.22, 126.45, 125.72, 124.36, 41.91, 
33.32, 30.20, 23.55, 6.68.; IR (cm-1): 3405, 3047, 2933, 2861, 1677, 1592, 1573, 1277, 1070; HRMS (ES+) 
calc. [M+H]+1:243.1385, found: 243.1386 
O
OH
 
2.15 
Yield: 246.8 mg (51%), white solid. M.P. 77 ⁰C Rf: 0.37 (50% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, 
Chloroform-d): δ 8.48 (m, 1H), 8.03 (m, 1H), 7.97 (d, J = 7.6 Hz, 1H), 7.89 (dd, J = 9.8, 8.4 Hz, 2H), 7.58 
(d, J = 22.9 Hz, 2H), 3.70 (t, J = 6.3 Hz, 2H), 3.13 (t, J = 7.3 Hz, 2H), 1.85 (dt, J = 15.1, 7.4 Hz, 2H), 1.66 
(m, 2H), 1.52 (m, 2H), 1.39 (s, 1H). 13C NMR (126 MHz, CDCl3): δ 200.37, 135.51, 134.29, 132.51, 129.62, 
129.52, 128.40, 128.36, 127.74, 126.72, 123.87, 62.62, 38.50, 32.51, 25.50, 24.07; IR (cm-1): 3336, 3055, 
2935, 2862, 1676, 1625, 1595,1278, 1123; HRMS (ES+): calc. [M+H]+:223.1330 m/z, found: 243.1385 m/z 
 
S
O
OH
 
2.16 
Yield: 226.0mg (57%), yellow oil. Rf: 0.56 (50% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, 
Chloroform-d): δ 7.72 (dd, J = 3.8, 1.1 Hz, 1H), 7.63 (dd, J = 5.0, 1.1 Hz, 1H), 7.13 (dd, J = 4.9, 3.8 Hz, 
1H), 3.67 (t, J = 6.5 Hz, 2H), 2.93 (t, J = 7.3 Hz, 2H), 1.79 (dt, J = 15.0, 7.5 Hz, 2H), 1.62 (m, 2H), 1.47 
(ddd, J = 11.5, 4.9, 2.7 Hz, 2H), 1.37 (s, 1H). 13C NMR (126 MHz, CDCl3): δ 193.28, 144.41, 133.42, 
131.71, 128.05, 62.68, 62.67, 39.24, 32.46, 25.45, 24.31; IR (cm-1): 3371, 3087, 2933, 2862, 1655, 1518, 
1414, 1234, 1058, 856, 725; HRMS (ES+): calc. [M+H]+: 199.0793 m/z, found 199.0795 m/z. 
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2.17 
1H NMR (500 MHz, Chloroform-d) δ 8.68 (ddd, J = 4.8, 1.6, 0.9 Hz, 1H), 8.04 (dt, J = 7.9, 1.0 Hz, 1H), 
7.84 (td, J = 7.7, 1.7 Hz, 1H), 7.47 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 3.68 (t, J = 6.6 Hz, 2H), 3.24 (t, J = 7.4 
Hz, 2H), 1.78 (p, J = 7.5 Hz, 2H), 1.64 (m, 2H), 1.48 (tt, J = 9.5, 6.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) 
δ 202.02, 153.45, 148.90, 136.89, 127.05, 121.78, 62.76, 37.57, 32.55, 25.43, 23.64. 
O
OTBS
O
 
2.18 
Matched reported literature.161 
O
OTBS
 
2.19 
Matched reported literature.162  
O
OTBS
N
O
 
2.20 
Matched reported literature.158 
 
O
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2.21 
Yield: 169.8 mg (62%), clear oil. Rf: 0.42 (50% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, Chloroform-
d): δ 8.02 (dt, J = 8.5, 1.6 Hz, 2H), 7.60 (m, 1H), 7.50 (m, 2H), 5.15 (dd, J = 7.7, 6.6 Hz, 1H), 3.69 (t, J = 6.3 
Hz, 1H), 2.20 (m, 2H), 1.65 (m, 3H), 1.49 (m, 1H), 1.43 (s, 1H).; 13C NMR (126 MHz, CDCl3): δ 193.20, 
134.42, 133.74, 128.86, 128.80, 62.45, 46.90, 33.15, 32.07, 23.86, 9.80.; IR (cm-1): 3365, 3058, 2937, 2863, 
1682, 1596, 1579, 1267, 1068, 704, 685; HRMS (ESI+) calc. [M+H]+: 271.0334 m/z, M+2: 273.0314 m/z, 
found: 271.0338 m/z, 273.0322 m/z. 
O
OHBr
 
2.22 
Yield: 148.7 mg (49%), brown oil. Rf: 0.35 (50% Ethyl Acetate:Hexanes)  1H NMR (500 MHz, Chloroform-
d): δ 7.92 (d, J = 8.2 Hz, 2H), 7.29 (d, J = 8.1 Hz, 2H), 5.14 (t, J = 7.1 Hz, 1H), 3.68 (t, J = 6.2 Hz, 1H), 2.43 
(s, 3H), 2.21 (m, 2H), 1.66 (m, 3H), 1.48 (m, 1H), 1.44 (s, 1H).13C NMR (126 MHz, CDCl3): δ 192.86, 
144.78, 131.89, 129.50, 128.98, 62.47, 46.96, 33.20, 32.09, 23.87, 21.73.; IR (cm-1): 3346, 2943, 1716, 1680, 
1606, 1572, 1215, 1045, 749, 667; HRMS (ESI+) calc. [M+H]+: 285.0490 m/z, M+2: 287.0471 m/z, found: 
285.0492 m/z, 287.0476  m/z. 
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O
OH
O
Br
 
2.23 
Yield: 342.0 mg (79%), white solid. M.P. 62 ⁰C. Rf: 0.37 (50% Ethyl Acetate:Hexanes)  1H NMR (500 
MHz, Chloroform-d): δ 7.59 (d, J = 7.7 Hz, 1H), 7.54 (m, 1H), 7.40 (t, J = 8.0 Hz, 1H), 7.15 (dd, J = 8.2, 2.6 
Hz, 1H), 5.13 (dd, J = 7.6, 6.7 Hz, 1H), 3.87 (s, 3H), 3.68 (t, J = 6.1 Hz, 2H), 2.23 (m, 2H), 1.66 (m, 3H), 
1.49 (m, 2H).; 13C NMR (126 MHz, CDCl3) δ 191.81, 164.02, 131.26, 127.27, 114.02, 62.48, 55.56, 46.84, 
33.28, 32.10, 23.89; IR (cm-1): 3383, 2934 2863, 2840, 1672, 1597, 1573, 1510, 1258, 844, 770, 693; HRMS 
(ESI+) calc. [M+H]+:301.0439 m/z, [(M+2)+H]+: 303.0420, found: 301.0442 m/z, 303.0425 m/z 
 
O
OHO Br
 
2.24 
Yield: 177.8 mg (73%), brown oil. Rf: 0.27 (50% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, Chloroform-
d): δ 7.59 (dt, J = 7.7, 1.2 Hz, 1H), 7.54 (m, 1H), 7.40 (t, J = 8.0 Hz, 1H), 7.15 (ddd, J = 8.2, 2.7, 0.9 Hz, 
1H), 5.14 (dd, J = 7.6, 6.6 Hz, 1H), 3.87 (s, 3H), 3.69 (t, J = 6.0 Hz, 2H), 2.20 (m, 2H), 1.61 (m, 4H), 1.33 
(s, 1H).; 13C NMR (126 MHz, CDCl3): δ 193.09, 159.98, 135.79, 129.74, 121.25, 120.28, 113.25, 62.44, 
55.50, 46.96, 33.23, 32.07, 23.86.; IR (cm-1): 3353, 2938, 1683, 1596, 1582, 1266, 1046, 787, 680; HRMS 
(ESI+) calc. [M+H]+: 301.0439 m/z, M+2: 303.0420 m/z, found: 301.0440 m/z, 303.0424 m/z. 
O
OHBr
 
2.26 
Yield: 577.6 mg (62%), clear oil. Rf: 0.33 (50% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 8.55 (s, 1H), 8.06 (dd, J = 8.7, 1.8 Hz, 1H), 7.99 (dd, J = 8.2, 1.3 Hz, 1H), 7.91 (dd, J = 16.4, 8.2 Hz, 
2H), 7.60 (d, J = 26.8 Hz, 2H), 5.32 (dd, J = 7.7, 6.5 Hz, 1H), 3.70 (t, J = 6.2 Hz, 2H), 2.29 (m, 2H), 1.69 
(m, 2H), 1.51 (m, 2H).; 13C NMR (126 MHz, CDCl3): δ 193.29, 135.78, 132.38, 131.65, 130.62, 129.70, 
128.91, 128.70, 127.77, 126.96, 124.26, 62.33, 47.06, 33.25, 32.03, 23.87; IR (cm-1): 3375, 3057, 2936, 
2864, 1678, 1626, 1595, 1279, 776, 751; HRMS (ESI+) calc. [M+H]+: 321.0490 m/z, M+2: 323.0471, found: 
321.0488 m/z, 323.0471 m/z. 
O
OHBr
 
2.25 
Yield: 400.0 mg (97%), yellow oil. Rf: 0.43 (50% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, 
Chloroform-d): δ 8.45 (dq, J = 8.7, 0.9 Hz, 1H), 8.03 (dt, J = 8.3, 1.0 Hz, 1H), 7.89 (m, 2H), 7.58 (m, 3H), 
5.22 (dd, J = 7.7, 6.5 Hz, 1H), 3.70 (t, J = 6.2 Hz, 2H), 2.34 (m, 1H), 2.19 (m, 1H), 1.65 (m, 5H); 13C NMR 
(126 MHz, CDCl3): δ 196.46, 134.21, 133.96, 133.26, 130.83, 128.47, 128.22, 126.79, 126.77, 125.60, 
124.21, 62.45, 51.10, 33.51, 32.09, 23.93.; IR (cm-1): 3404, 3047, 2935, 2864, 1725, 1682, 1238, 1083, 803, 
779; HRMS (ESI+) calc. [M+H]+: 321.0490, M+2: 323.0471 , found: 321.0489, 323.0470 m/z. 
 
 
196 
S
O
OHBr
 
2.27 
Yield: 95.9 mg (61%), clear oil. Rf: 0.23 (50% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, Chloroform-
d): δ 7.83 (dd, J = 3.9, 1.1 Hz, 1H), 7.71 (dd, J = 4.9, 1.1 Hz, 1H), 7.17 (dd, J = 4.9, 3.9 Hz, 1H), 4.99 (dd, J 
= 7.6, 6.9 Hz, 1H), 3.68 (t, J = 6.1 Hz, 2H), 2.17 (m, 2H), 1.63 (m, 3H), 1.48 (m, 1H), 1.37 (s, 1H); 13C NMR 
(126 MHz, CDCl3): δ 186.61, 141.31, 135.04, 133.04, 128.34, 62.41, 47.94, 33.47, 32.00, 23.86; IR (cm-1): 
3390, 3091, 3012, 2937, 2864, 1661, 1516, 1413, 1242, 1215, 1062, 754; HRMS (ES+) calc. [M+1]+: 
276.9898 m/z, [M+2]: 278.9877, found: 276.9898, 278.9877 m/z. 
N
O
OHBr
 
2.28 
1H NMR (500 MHz, Chloroform-d) δ 8.71 (ddd, J = 4.7, 1.7, 0.9 Hz, 1H), 8.13 (dt, J = 7.9, 1.0 Hz, 1H), 
7.89 (td, J = 7.7, 1.7 Hz, 1H), 7.52 (ddd, J = 7.6, 4.7, 1.2 Hz, 1H), 5.96 (dd, J = 8.1, 6.4 Hz, 1H), 4.09 (t, J = 
6.5 Hz, 2H), 2.18 (m, 2H), 1.70 (m, 3H), 1.53 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 194.31, 171.18, 
151.20, 149.07, 137.21, 134.67, 129.91, 127.70, 123.30, 46.29, 32.58, 28.06, 25.78, 23.92, 20.97. 
*Sampled contained Ethyl Acetate and an impurity.  
N
O
OTBS
 
2.29 
1H NMR (500 MHz, Chloroform-d) δ 8.68 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.04 (dt, J = 7.9, 1.0 Hz, 1H), 
7.83 (td, J = 7.7, 1.7 Hz, 1H), 7.46 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 3.62 (t, J = 6.5 Hz, 2H), 3.23 (m, 2H), 
1.75 (p, J = 7.6 Hz, 2H), 1.57 (m, 2H), 1.44 (m, 2H), 0.89 (s, 9H), 0.04 (s, 6H). 13C NMR (126 MHz, CDCl3) 
δ 202.08, 148.89, 136.85, 126.97, 121.76, 63.09, 37.72, 32.73, 25.98, 25.62, 23.84, 18.37, -5.27. 
N
O
OTBDPS
 
2.30 
1H NMR (500 MHz, Chloroform-d) δ 8.68 (ddd, J = 4.7, 1.7, 0.9 Hz, 1H), 8.04 (dt, J = 7.9, 1.1 Hz, 1H), 
7.83 (td, J = 7.7, 1.7 Hz, 1H), 7.72 (m, 2H), 7.66 (dt, J = 6.5, 1.6 Hz, 4H), 7.46 (ddd, J = 7.5, 4.8, 1.2 Hz, 
1H), 7.38 (m, 10H), 3.67 (t, J = 6.4 Hz, 2H), 3.21 (m, 2H), 1.73 (p, J = 7.6 Hz, 2H), 1.63 (dt, J = 14.6, 6.6 
Hz, 2H), 1.48 (q, J = 8.3 Hz, 2H), 1.03 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 202.12, 153.53, 148.91, 
136.90, 135.61, 135.35, 134.86, 134.14, 129.63, 129.53, 127.73, 127.63, 127.02, 121.82, 63.82, 37.76, 32.49, 
26.93, 26.63, 25.63, 23.83, 19.27, 19.07.  
*Sample contained TBDPS-OH which could not be separated until after bromination and removal of 
the protection group. 
 
 
 
 
 
 
197 
O
OBr
 
2.31 
Yield: 190.4 mg (97%), clear oil. Rf: 0.61 (35% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, Chloroform-
d): δ 9.80 (t, J = 1.3 Hz, 1H), 8.02 (dt, J = 8.5, 1.6 Hz, 2H), 7.61 (tt, J = 6.9, 1.2 Hz, 1H), 7.50 (t, J = 7.7 Hz, 
2H), 5.15 (dd, J = 7.8, 6.3 Hz, 1H), 2.57 (t, J = 7.5 Hz, 2H), 2.20 (m, 2H), 1.90 (m, 1H), 1.75 (m, 1H).; 13C 
NMR (126 MHz, CDCl3) δ 201.43, 192.83, 134.23, 133.81, 128.81, 46.46, 43.21, 32.70, 20.06.; IR (cm-1): 
3061, 2970, 1705, 1683, 1596, 1579, 1268, 704, 685; HRMS (ESI+) calc. [M+H]+: 269.0177 m/z, M+2: 
271.0158 m/z, found: 269.1756 m/z, 272.1863 m/z. 
O
OBr
 
2.32 
Yield: 381.0 mg (76%), clear oil. Rf: 0.59 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 9.79 (s, 1H), 7.91 (d, J = 7.8 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 5.13 (dd, J = 7.9, 6.2 Hz, 1H), 2.56 (t, J 
= 7.3 Hz, 2H), 2.43 (s, 3H), 2.20 (m, 2H), 1.90 (dq, J = 11.7, 6.1 Hz, 2H), 1.74 (m, 1H).; 13C NMR (126 
MHz, CDCl3): δ 201.48, 192.51, 144.89, 131.71, 129.53, 129.00, 46.50, 43.25, 32.78, 21.74, 20.10.; IR (cm-
1): 3030, 2980, 2970, 1707, 1682, 1606, 1254, 772; HRMS (ESI+) calc. [M+H]+: 289.0416, 291.0396 m/z 
(M+2), found: 289.0416, 291.0400 m/z. 
O
O
O
Br
 
2.33 
Yield: 291.8 mg (62%), white wax like solid. Rf: 0.66 (50% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, 
Chloroform-d): δ 9.79 (t, J = 1.3 Hz, 1H), 8.00 (m, 2H), 6.97 (m, 2H), 5.11 (dd, J = 7.8, 6.4 Hz, 1H), 3.89 (s, 
3H), 2.56 (m, 2H), 2.18 (m, 2H), 1.81 (m, 2H).; 13C NMR (126 MHz, CDCl3) δ 201.52, 191.45, 164.06, 
131.27, 127.06, 114.04, 55.57, 46.40, 43.25, 32.85, 20.12.; IR (cm-1): 2935, 2838, 1727, 1273, 1598, 1573, 
1251, 1027, 843; HRMS (ESI+) calc. [M+H]+: 297.0126 m/z, M+2: 299.0107 m/z found: 297.0129 m/z, 
299.0117 m/z 
O
OO Br
 
2.33 
Yield: 82.2 mg (47%), brown oil. Rf: 0.42 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 9.79 (t, J = 1.3 Hz, 1H), 7.58 (ddd, J = 7.6, 1.7, 1.0 Hz, 1H), 7.54 (dd, J = 2.6, 1.6 Hz, 1H), 7.40 (t, J = 
8.0 Hz, 1H), 7.15 (ddd, J = 8.3, 2.6, 0.9 Hz, 1H), 5.13 (dd, J = 7.9, 6.3 Hz, 1H), 3.87 (s, 3H), 2.56 (td, J = 
7.3, 1.5 Hz, 2H), 2.18 (m, 2H), 1.81 (m, 2H).; 13C NMR (126 MHz, CDCl3): δ 201.41, 192.72, 159.98, 
135.60, 129.76, 121.26, 120.35, 113.24, 55.50, 46.50, 43.22, 32.78, 20.07.; IR (cm-1): 3008, 2937, 2835, 
1682, 1596, 1581, 1263, 1042, 755, 681; HRMS (ESI+) calc. [M+Li]+: 305.0365 m/z, M+2: 307.0346 m/z, 
found: 305.0367 m/z, 307.0350 m/z 
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O
OBr
 
2.35 
Yield: 113.4 mg (61%), yellow oil. Rf: 0.46 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 9.81 (s, 1H), 8.46 (d, J = 8.6 Hz, 1H), 8.04 (d, J = 8.2 Hz, 1H), 7.89 (t, J = 7.5 Hz, 1H), 7.63 (t, J = 7.7 
Hz, 1H), 7.55 (dt, J = 22.9, 7.7 Hz, 3H), 5.23 (t, J = 7.1 Hz, 1H), 2.59 (t, J = 7.2 Hz, 2H), 2.25 (m, 2H), 1.90 
(m, 2H).; 13C NMR (126 MHz, CDCl3): δ 201.40, 196.01, 133.93, 133.86, 133.37, 130.82, 128.48, 128.25, 
126.89, 126.76, 125.53, 124.20, 50.60, 43.19, 33.00, 20.08.; IR (cm-1): 2960, 2810, 2700, 1718, 1681, 1590, 
1560, 1500, 1240, 1083, 803, 779; HRMS (ESI+) calc. [M+Li]+: 325.0416 m/z, M+2: 327.0397 m/z, found: 
325.2386 m/z, 327.0387 m/z 
O
OBr
 
2.36 
Yield: 370.2 mg (65%), yellow oil. Rf: 0.68 (35% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, Chloroform-
d) δ 9.80 (s, 1H), 8.54 (s, 1H), 8.05 (dd, J = 8.6, 1.8 Hz, 1H), 7.99 (d, J = 8.1 Hz, 1H), 7.90 (dd, J = 17.2, 8.4 
Hz, 2H), 7.60 (m, 2H), 5.32 (dd, J = 7.8, 6.4 Hz, 1H), 2.58 (t, J = 7.4 Hz, 2H), 2.22 (m, 2H), 1.94 (m, 1H), 
1.78 (m, 1H).; 13C NMR (126 MHz, CDCl3) δ 201.46, 192.83, 135.82, 132.39, 131.51, 130.67, 129.72, 
128.96, 128.73, 127.79, 127.00, 124.25, 77.30, 77.04, 76.79, 46.59, 43.22, 32.81, 20.09.; IR (cm-1): 3058, 
2956, 1720, 1679, 1626, 1279, 1123, 757; HRMS (ESI+) calc. [M+H]+:319.0334 m/z, 321.0315 m/z (M+2), 
found: 319.0325 m/z, 321.0319 m/z 
S
O
OBr
 
2.37 
Yield: 92.9 mg (67%), clear oil. Rf: 0.42 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 9.79 (t, J = 1.3 Hz, 1H), 7.84 (dd, J = 3.9, 1.1 Hz, 1H), 7.72 (dd, J = 4.9, 1.1 Hz, 1H), 7.18 (dd, J = 4.9, 
3.9 Hz, 1H), 4.99 (dd, J = 7.8, 6.5 Hz, 1H), 2.56 (td, J = 7.2, 1.1 Hz, 2H), 2.18 (m, 2H), 1.88 (m, 1H), 1.74 
(m, 1H); 13C NMR (126 MHz, CDCl3): δ 201.38, 186.25, 141.11, 135.17, 133.15, 128.39, 47.47, 43.11, 
32.95, 20.02; IR (cm-1): 3094, 2952, 2826, 2725, 1720, 1659, 1516, 1412, 1354, 1249, 1063, 857, 730; 
HRMS (ES+) calc. [M+H]+: 274.9742 m/z, M+2: 276.9721 m/z, found: 274.9626, 276.9717 m/z. 
O
OH  
2.39-Syn 
Yield: 10.7 mg (14%), clear oil. Syn product matched previous reported.163,164  
O OH
 
2.39-Anti 
Matched reported literature.165 
199 
O
OH  
2.40-Syn 
Yield: 5.1 mg (13%), oil. Rf: 0.47 (35% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, Chloroform-d): δ 7.87 
(d, J = 7.8 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 4.58 (d, J = 4.1 Hz, 1H), 4.00 (d, J = 2.5 Hz, 1H), 3.55 (td, J = 
9.5, 3.9 Hz, 1H), 2.43 (s, 3H), 2.06 (m, 3H), 1.82 (m, 3H).; 13C NMR (126 MHz, CDCl3): δ 204.10, 144.46, 
134.54, 129.41, 128.48, 74.95, 50.73, 34.63, 28.24, 22.36, 21.69.; IR (cm-1): 3469, 3030, 2924, 2869, 2724, 
1721, 1677, 1605, 1205, 1028, 820; HRMS (ES+) calc. [M+H]+: 205.1228 m/z, found: 205.1231 m/z 
O
OHO  
2.41-Syn 
Yield: g (%), clear oil. Rf: 0.54 (50% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, Chloroform-d): δ 7.95 
(m, 2H), 6.96 (m, 2H), 4.57 (dp, J = 4.2, 2.1 Hz, 1H), 4.16 (dd, J = 2.6, 1.3 Hz, 1H), 3.89 (s, 3H), 3.51 (td, J 
= 9.5, 3.8 Hz, 1H), 2.06 (m, 3H), 1.83 (m, 3H).; 13C NMR (126 MHz, CDCl3) δ 203.04, 163.88, 130.70, 
129.99, 113.88, 74.97, 55.53, 50.33, 34.60, 28.38, 22.35.  ; IR (cm-1): 3463, 2960, 1600, 1573, 1510, 1253, 
1171, 1026; HRMS (ESI+) calc. [M+H]+: 221.1178 m/z, found: 221.1179 m/z. 
O
OH
O
 
2.42-Syn 
Yield: 18.8 mg (31%), yellow wax like solid. Rf: 0.63 (50% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d): δ 7.54 (dt, J = 7.7, 1.3 Hz, 1H), 7.49 (dd, J = 2.7, 1.6 Hz, 1H), 7.39 (dd, J = 8.3, 7.6 Hz, 1H), 
7.14 (ddd, J = 8.3, 2.7, 1.0 Hz, 1H), 4.59 (tt, J = 4.3, 2.5 Hz, 1H), 3.87 (s, 3H), 3.78 (dd, J = 2.9, 1.2 Hz, 1H), 
3.56 (td, J = 9.6, 4.0 Hz, 1H), 2.07 (m, 3H), 1.83 (m, 3H).; 13C NMR (126 MHz, CDCl3): δ 204.06, 159.93, 
138.42, 129.68, 120.97, 119.87, 112.62, 74.98, 55.48, 51.16, 34.69, 28.10, 22.35.; IR (cm-1): ; HRMS (ESI+) 
calc. [M+H]+: 221.1178 m/z, found: 221.1180 m/z. 
O
OH  
2.43-Syn 
Yield: 3.0 mg (4%), white solid. M.P. 150.3-152.6 ⁰C. Rf: 0.42 (35% Ethyl Acetate:Hexanes). 1H NMR (500 
MHz, Chloroform-d) δ 8.51 (d, J = 8.6 Hz, 1H), 8.03 (d, J = 8.3 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.87 (dd, 
J = 7.2, 1.2 Hz, 1H), 7.59 (m, 3H), 4.65 (m, 1H), 3.69 (ddd, J = 10.4, 8.3, 4.0 Hz, 1H), 3.53 (m, 1H), 2.20 
(m, 1H), 2.04 (m, 2H), 1.91 (m, 2H), 1.79 (m, 2H). 13C NMR (126 MHz, CDCl3): δ 208.20, 136.65, 133.97, 
132.65, 130.08, 128.45, 127.96, 127.15, 126.58, 125.64, 124.34, 74.95, 54.96, 34.88, 29.71, 27.40, 22.27.; 
IR (cm-1): 3405, 2953, 2926, 1681, 779; HRMS (ES+) calc. [M+H]+1: 241.1228 m/z, found: 241.1234 m/z 
 
 
 
 
200 
O
OH  
2.44-Syn 
Yield: 9.3 mg (19%), light brown solid. M.P. 120 ⁰C.  Rf: 0.45 (35% Ethyl Acetate:Hexanes). 1H NMR (500 
MHz, Chloroform-d): δ 8.48 (m, 1H), 8.03 (dd, J = 8.6, 1.8 Hz, 1H), 7.98 (m, 1H), 7.91 (m, 2H), 7.63 (ddd, 
J = 8.2, 6.9, 1.4 Hz, 1H), 7.58 (ddd, J = 8.1, 6.9, 1.3 Hz, 1H), 4.66 (ddd, J = 6.6, 4.0, 2.5 Hz, 1H), 3.93 (dd, 
J = 2.8, 1.2 Hz, 1H), 3.75 (td, J = 9.6, 3.9 Hz, 1H), 2.16 (m, 2H), 2.07 (m, 1H), 1.91 (m, 2H), 1.83 (m, 1H).; 
13C NMR (126 MHz, CDCl3): δ 204.29, 135.79, 134.40, 132.52, 130.20, 129.65, 128.73, 128.62, 127.81, 
126.91, 123.89, 75.06, 51.03, 34.75, 28.29, 22.42.; IR (cm-1): 3466, 3057, 2970, 1674, 1626, 1596, 1215, 
1027, 753; HRMS (ES+) calc. [M+Li]+:247. 1311 m/z, found: 247.1317 m/z. 
S
O OH
 
2.45 
Yield: 36.4 mg (54%), clear oil. Rf: 0.33 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 7.77 (dd, J = 3.8, 1.1 Hz, 1H), 7.69 (dd, J = 4.9, 1.1 Hz, 1H), 7.16 (dd, J = 4.9, 3.8 Hz, 1H), 4.59 (m, 
1H), 3.77 (dd, J = 2.8, 1.1 Hz, 1H), 3.44 (ddd, J = 10.5, 8.8, 3.9 Hz, 1H), 2.10 (m, 3H), 1.84 (m, 3H); 13C 
NMR (126 MHz, CDCl3): δ 196.74, 144.35, 134.38, 132.48, 128.27, 75.14, 52.17, 34.74, 28.45, 22.34; 
IR(cm-1): 3457, 3087, 2953, 2872, 1656, 1517, 1414, 1235, 1061, 1019, 860, 725. HRMS (ES+) calc. 
[M+H]+: 197.0636 m/z, found 197.0193 m/z. 
O
O
O
Br
 
2.46 
1H NMR (500 MHz, Chloroform-d) δ 8.02 (dt, J = 8.5, 1.6 Hz, 2H), 7.60 (m, 1H), 7.50 (m, 2H), 5.14 (dd, J 
= 7.8, 6.4 Hz, 1H), 4.37 (t, J = 5.5 Hz, 2H), 3.32 (d, J = 5.4 Hz, 6H), 2.18 (m, 2H), 1.65 (m, 3H), 1.47 (m, 
1H). 13C NMR (126 MHz, CDCl3) δ 193.09, 134.42, 133.71, 128.85, 128.78, 104.21, 52.95, 52.85, 46.91, 
33.19, 31.99, 22.66. 
O
O
O
Br
 
2.47 
1H NMR (500 MHz, Chloroform-d) δ 7.94 (d, J = 8.3 Hz, 2H), 7.31 (d, J = 8.5 Hz, 2H), 5.15 (m, 1H), 4.40 
(t, J = 5.6 Hz, 2H), 3.34 (d, J = 5.3 Hz, 6H), 2.45 (s, 3H), 2.19 (m, 2H), 1.67 (m, 3H), 1.50 (m, 1H). 13C 
NMR (126 MHz, CDCl3) δ 201.48, 192.78, 192.51, 144.88, 144.74, 131.86, 131.71, 129.53, 129.49, 129.00, 
128.97, 104.22, 52.94, 52.85, 46.97, 46.49, 43.25, 33.24, 32.78, 31.99, 22.68, 21.74, 21.73, 20.10. 
* 13C NMR has too many peaks but the 1H NMR shows only one product. 
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2.53 
1H NMR (500 MHz, Chloroform-d) δ 8.00 (d, J = 8.0 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.50 (t, J = 7.7 Hz, 
2H), 5.11 (dd, J = 8.1, 5.6 Hz, 1H), 3.99 (m, 2H), 2.10 (m, 2H), 1.71 (m, 3H), 1.55 (d, J = 17.1 Hz, 1H). 13C 
NMR (126 MHz, CDCl3) δ 193.30, 134.39, 133.84, 128.93, 128.84, 61.82, 57.23, 32.98, 29.10, 22.73. 
O
BrBr
 
2.54 
1H NMR (500 MHz, Chloroform-d) δ 8.04 (d, J = 7.2 Hz, 2H), 7.63 (s, 1H), 7.52 (s, 2H), 5.16 (dd, J = 7.8, 
6.4 Hz, 1H), 3.45 (td, J = 6.7, 1.7 Hz, 2H), 2.19 (m, 2H), 1.97 (m, 2H), 1.70 (m, 2H). 13C NMR (126 MHz, 
CDCl3) δ 192.95, 134.35, 133.78, 128.87, 128.82, 46.66, 33.14, 32.57, 32.19, 26.20. 
O
IBr
 
2.55 
1H NMR (500 MHz, Chloroform-d) δ 8.00 (m, 2H), 7.59 (m, 1H), 7.49 (t, J = 7.7 Hz, 2H), 5.32 (t, J = 7.3 
Hz, 1H), 3.21 (m, 2H), 2.18 (m, 2H), 1.90 (m, 2H), 1.63 (m, 1H), 1.49 (m, 1H). 13C NMR (126 MHz, CDCl3) 
δ 194.23, 133.97, 133.61, 128.79, 128.63, 33.74, 32.77, 30.49, 25.08, 6.00. 
O
OAcBr
 
2.56 
1H NMR (500 MHz, Chloroform-d) δ 8.02 (d, J = 7.8 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.50 (t, J = 7.7 Hz, 
2H), 5.14 (m, 1H), 4.08 (t, J = 6.5 Hz, 2H), 2.18 (m, 2H), 2.04 (s, 3H), 1.66 (m, 3H), 1.49 (m, 1H). 13C NMR 
(126 MHz, CDCl3) δ 193.02, 171.08, 134.42, 133.74, 128.86, 128.81, 64.02, 46.79, 33.05, 28.18, 24.10, 
20.96. 
O
OBr
CF3
O
 
2.57 
1H NMR (500 MHz, Chloroform-d) δ 8.04 (d, J = 7.2 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.52 (t, J = 7.8 Hz, 
2H), 5.15 (dd, J = 7.8, 6.4 Hz, 2H), 4.40 (t, J = 6.5 Hz, 2H), 2.20 (m, 1H), 1.85 (m, 1H), 1.71 (m, 1H), 1.56 
(m, 1H). 13C NMR (126 MHz, CDCl3) δ 192.88, 158.00, 157.67, 157.33, 156.99, 134.30, 133.85, 128.87, 
128.84, 117.94, 115.67, 113.40, 111.13, 67.66, 46.46, 32.80, 27.76, 23.70. 
202 
O
OTsBr
 
2.58 
1H NMR (500 MHz, Chloroform-d) δ 7.99 (dd, J = 8.4, 1.2 Hz, 2H), 7.78 (d, J = 8.3 Hz, 2H), 7.62 (tt, J = 
7.0, 1.2 Hz, 1H), 7.51 (t, J = 7.8 Hz, 2H), 7.34 (d, J = 8.0 Hz, 2H), 5.04 (dd, J = 8.2, 5.6 Hz, 1H), 4.04 (t, J 
= 6.3 Hz, 2H), 2.44 (s, 3H), 2.03 (m, 2H), 1.73 (m, 2H), 1.61 (m, 1H), 1.47 (m, 1H). 13C NMR (126 MHz, 
CDCl3) δ 193.19, 144.80, 134.34, 133.87, 133.05, 129.87, 128.92, 128.85, 127.89, 69.93, 57.09, 32.73, 28.44, 
22.37, 21.63. 
 
O
OMsBr
 
2.59 
Yield: 645.4 mg (81%), clear oil. Rf: 0.36 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d) δ 8.02 (d, J = 7.2 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.50 (t, J = 7.8 Hz, 2H), 5.15 (dd, J = 7.7, 6.4 Hz, 1H), 
4.25 (t, J = 6.4 Hz, 2H), 3.01 (s, 3H), 2.21 (m, 2H), 1.84 (m, 2H), 1.69 (m, 1H), 1.55 (m, 1H).; 13C NMR 
(126 MHz, CDCl3): δ 192.90, 134.23, 133.84, 128.85, 128.83, 69.40, 46.48, 37.40, 32.74, 28.70, 23.59; IR 
(cm-1): 3026, 2938, 1682, 1595, 1579, 1348, 1169, 1101, 931, 810, 703, 685; HRMS (ESI+) calc. [M+H]+: 
349.0109 m/z, [M+2]+: 351.0089 m/z, found: 349.0112 m/z, 351.0092 m/z 
O
OMsBr
 
2.61 
Yield: 552.3 mg (83%), clear oil. Rf: 0.38 (35% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, Chloroform-
d): δ 7.91 (d, J = 7.9 Hz, 2H), 7.30 (d, J = 7.9 Hz, 2H), 5.12 (dd, J = 7.8, 6.3 Hz, 1H), 4.25 (t, J = 6.3 Hz, 
2H), 3.01 (s, 3H), 2.43 (s, 3H), 2.20 (m, 2H), 1.84 (m, 2H), 1.69 (m, 1H), 1.53 (m, 1H).; 13C NMR (126 
MHz, CDCl3): δ 192.57, 144.91, 131.72, 129.54, 128.99, 69.38, 46.50, 37.43, 32.82, 28.73, 23.63, 21.74.;; 
IR (cm-1): 3030, 2938, 2869, 1678, 1606, 1348, 1169, 932; HRMS (ESI+) calc. [M+H]+: 363.0266, [M+2]+: 
365.0246 m/z, found: 363.0269, 365.0246 m/z. 
O
OMs
O
Br
 
2.62 
Yield: 1.1688g (96%), clear oil. Rf: 0.39 (50% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 8.00 (dd, J = 9.0, 3.0 Hz, 2H), 6.97 (dd, J = 9.0, 3.0 Hz, 2H), 5.10 (dd, J = 7.7, 6.4 Hz, 1H), 4.25 (t, J = 
6.3 Hz, 1H), 3.89 (s, 3H), 3.01 (d, J = 1.4 Hz, 3H), 2.20 (m, 2H), 1.84 (m, 2H), 1.68 (m, 1H), 1.54 (m, 1H).; 
13C NMR (126 MHz, CDCl3): δ 191.51, 164.11, 131.28, 127.14, 114.08, 69.39, 55.58, 46.41, 37.46, 32.94, 
28.76, 23.67.; IR (cm-1): 2938, 2869, 2814, 1673, 1597, 1573, 1510, 1348, 1260, 1169, 1025, 972, 934, 844; 
HRMS (ESI+) calc. [M+H]+:379.0215, [M+2]+: 381.0195 found: 379.0216, 381.0197. 
 
 
 
 
203 
O
OMsO Br
 
2.63 
Yield: 479.2 mg (61%), clear oil. Rf: 0.56 (50% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 7.58 (m, 1H), 7.53 (m, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.16 (dd, J = 8.2, 3.5 Hz, 1H), 5.12 (dd, J = 7.7, 
6.5 Hz, 1H), 4.26 (t, J = 6.5 Hz, 2H), 3.88 (s, 3H), 3.02 (s, 3H), 2.19 (m, 2H), 1.85 (m, 2H), 1.69 (m, 1H), 
1.53 (m, 1H).13C NMR (126 MHz, CDCl3): δ 192.78, 159.99, 135.60, 129.82, 129.78, 121.26, 120.37, 
113.28, 113.25, 69.35, 55.51, 46.50, 37.44, 32.83, 28.72, 23.62; IR (cm-1): 2939, 2863, 1682, 1596, 1580, 
1486, 1450, 1428, 1263, 1042, 753; HRMS (ESI+) calc. [M+H]: 379.0215, 381.0195 [M+2], found: 
379.0212, 381.0195 [M+2] 
O
OMsBr
 
2.64 
Yield: 353.7 mg (76%), yellow wax like solid. Rf: 0.24 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, 
Chloroform-d): δ 8.45 (d, J = 8.6 Hz, 1H), 8.04 (d, J = 8.2 Hz, 1H), 7.89 (dd, J = 13.6, 8.0 Hz, 2H), 7.63 
(ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 7.57 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.52 (dd, J = 8.2, 7.3 Hz, 1H), 5.21 (dd, 
J = 7.8, 6.3 Hz, 1H), 4.27 (t, J = 6.3 Hz, 2H), 3.01 (s, 3H), 2.33 (m, 1H), 2.20 (m, 1H), 1.87 (m, 2H), 1.74 
(m, 1H), 1.62 (m, 1H).; 13C NMR (126 MHz, CDCl3): δ 196.08, 133.87, 133.82, 133.33, 130.73, 128.48, 
128.21, 126.89, 126.74, 125.45, 124.23, 69.43, 50.75, 37.29, 33.00, 28.61, 23.55; IR (cm-1): 2937, 2870, 
1682, 1592, 1507, 1350, 1240, 1172, 972, 941; HRMS (ES+) calc. [M+H]+1: 399.0266 m/z, M+2: 401.0246 
m/z, found: 399.0262 m/z, 401.0245 m/z 
O
OMsBr
 
2.65 
Yield: 282.4 mg (87%), clear oil. Rf: 0.27 (35% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, Chloroform-
d): δ 8.45 (m, 1H), 8.04 (dt, J = 8.5, 1.0 Hz, 1H), 7.89 (m, 2H), 7.63 (ddt, J = 8.5, 6.9, 1.3 Hz, 1H), 7.57 (ddd, 
J = 8.1, 6.9, 1.3 Hz, 1H), 7.52 (ddd, J = 8.2, 7.2, 1.1 Hz, 1H), 5.21 (dd, J = 7.7, 6.3 Hz, 1H), 4.27 (t, J = 6.3 
Hz, 2H), 3.01 (s, 3H), 2.34 (m, 1H), 2.20 (m, 1H), 1.87 (m, 2H), 1.76 (m, 1H), 1.61 (m, 1H).; 13C NMR (126 
MHz, CDCl3): δ 196.13, 133.96, 133.94, 133.39, 130.82, 128.51, 128.28, 126.88, 126.80, 125.53, 124.23, 
69.32, 50.62, 37.44, 33.08, 28.72, 23.66.; IR (cm-1): 3055, 2936, 2861, 1677, 1625, 1595, 1467, 1435, 1357, 
1278, 1190,1046; HRMS (ESI+) calc. [M+H]+: 399.026 m/z, M+2: 401.0246, found: 399.0264 m/z, 
401.0244 m/z 
S
O
OMsBr
  
2.66 
Yield: 104.8 mg (85%), clear oil. Rf: 0.43 (50% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 7.84 (dd, J = 3.9, 1.1 Hz, 1H), 7.73 (dd, J = 4.9, 1.1 Hz, 1H), 7.18 (dd, J = 4.9, 3.9 Hz, 1H), 5.00 (dd, J 
= 7.7, 6.6 Hz, 1H), 4.25 (t, J = 6.3 Hz, 2H), 3.02 (s, 3H), 2.18 (m, 2H), 1.84 (m, 2H), 1.69 (m, 1H), 1.55 (m, 
1H); 13C NMR (126 MHz, CDCl3): δ 186.32, 141.13, 135.19, 133.16, 128.42, 69.35, 47.47, 37.41, 33.02, 
28.64, 23.58; IR(cm-1): 2981, 2898, 1661, 1516, 1413, 1349, 1251, 1172, 1060, 972, 938, 731; HRMS (ES+) 
calc. [M+H]+: 354.9673 m/z, M+2: 356.9652 m/z, found: 354.9672, 356.9650 m/z. 
 
204 
N
O
OMsBr
 
2.67 
1H NMR (500 MHz, Chloroform-d) δ 8.71 (ddd, J = 4.7, 1.7, 0.9 Hz, 1H), 8.13 (dt, J = 7.9, 1.1 Hz, 1H), 
7.89 (td, J = 7.7, 1.7 Hz, 1H), 7.52 (m, 1H), 5.96 (dd, J = 8.1, 6.4 Hz, 1H), 4.09 (t, J = 6.5 Hz, 2H), 2.17 (m, 
2H), 2.05 (s, 3H), 1.71 (m, 3H), 1.53 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 194.32, 171.13, 151.23, 149.07, 
137.19, 127.68, 123.29, 123.28, 64.08, 46.28, 32.60, 28.08, 23.94, 20.97. 
*Sampled contained Ethyl Acetate and an impurity.  
O
 
2.60 
Yield: 103.8 mg (75%), clear oil. Matched previously reported.166 
O
 
2.68 
Yield: 33.7 mg (55%), clear oil. Matched previously reported.166 
O
O  
2.69 
Yield: 41.1 mg (44%), clear oil. Matched previously reported.166 
O
O
 
2.70 
Yield: 52.8 mg (36%), clear oil. Rf: 0.79 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 7.56 (dt, J = 7.7, 1.2 Hz, 1H), 7.51 (dd, J = 2.7, 1.5 Hz, 1H), 7.37 (t, J = 7.9 Hz, 1H), 7.09 (ddd, J = 8.3, 
2.7, 1.0 Hz, 1H), 3.86 (s, 3H), 3.69 (p, J = 7.9 Hz, 1H), 1.92 (m, 4H), 1.69 (m, 4H).; 13C NMR (126 MHz, 
CDCl3) δ 202.60, 159.83, 138.43, 129.45, 121.06, 119.08, 112.88, 55.43, 46.52, 30.08, 26.32.; IR (cm-1): 
2952, 2868, 2835, 1679, 1595, 1581, 1485, 1256, 1039, 793; HRMS (ESI+) calc. [M+H]+: 205.1228 m/z, 
found: 205.1233 m/z 
O
 
2.71 
Yield: 32.9 mg (39%), clear oil. Rf: 0.81 (35% Ethyl Acetate:Hexanes);  1H NMR (500 MHz, Chloroform-
d) δ 8.40 (m, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.87 (d, J = 9.4 Hz, 1H), 7.80 (d, J = 7.2 Hz, 1H), 7.52 (m, 3H), 
3.74 (ddd, J = 15.9, 8.5, 7.4 Hz, 1H), 1.96 (m, 4H), 1.77 (m, 2H), 1.11 (m, 2H).; 13C NMR (126 MHz, 
CDCl3): δ 207.57, 137.32, 133.89, 131.76, 130.37, 128.34, 127.58, 126.51, 126.34, 125.71, 124.41, 50.34, 
205 
29.89, 26.24.; IR (cm-1): 3047, 2950, 2866, 1674, 1506, 1230, 1178, 777; HRMS (ES+) calc. 
[M+H]+:225.1274, found: 225.1281 
O
 
2.72 
Yield: 26.9 mg (24%), clear oil. Rf: 0.81 (35% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, Chloroform-
d): δ 8.49 (d, J = 1.9 Hz, 1H), 8.06 (dd, J = 8.6, 1.8 Hz, 1H), 7.97 (d, J = 8.0 Hz, 1H), 7.89 (t, J = 8.9 Hz, 
2H), 7.57 (dddd, J = 22.4, 8.1, 6.8, 1.4 Hz, 2H), 3.89 (p, J = 7.9 Hz, 1H), 1.99 (m, 4H), 1.74 (m, 4H). 13C 
NMR (126 MHz, CDCl3): δ 202.79, 135.44, 134.29, 132.59, 129.92, 129.54, 128.30, 128.25, 127.73, 126.64, 
124.43, 46.43, 30.16, 26.37. IR (cm-1): 3061, 3019, 2956, 2868, 1674, 1627, 1215, 753. HRMS (ESI+) calc. 
[M+H]+: 225.1279 m/z, found: 225.1281 m/z 
S
O
 
2.73 
Yield: 30.9 mg (58%), clear oil. Rf: 0.79 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 7.73 (dd, J = 3.8, 1.1 Hz, 1H), 7.62 (dd, J = 4.9, 1.1 Hz, 1H), 7.13 (dd, J = 4.9, 3.8 Hz, 1H), 3.58 (p, J 
= 7.9 Hz, 1H), 1.94 (m, 4H), 1.76 (m, 2H), 1.66 (m, 2H); 13C NMR (126 MHz, CDCl3): δ 195.98, 144.57, 
133.15, 131.62, 127.98, 47.74, 30.38, 26.34; IR(cm-1): 3088, 2981, 2970, 2931, 2863, 1655, 1517, 1446, 
1413, 1354, 1234, 1205, 1080, 1056, 916, 857, 720; HRMS(ES+) calc. [M+H]+: 181.0687 m/z, found: 
181.0688.  
OMs
 
2.75 
Matched reported literature.167 
O
OH
 
2.76 
1H NMR (500 MHz, Chloroform-d) δ 7.97 (d, J = 7.1 Hz, 2H), 7.57 (tt, J = 6.9, 1.2 Hz, 1H), 7.47 (t, J = 7.7 
Hz, 2H), 3.74 (m, 2H), 3.02 (ddd, J = 9.4, 7.2, 2.9 Hz, 2H), 1.86 (m, 1H), 1.57 (m, 6H), 0.97 (d, J = 6.5 Hz, 
3H). 13C NMR (126 MHz, CDCl3) δ 200.89, 136.89, 132.98, 128.55, 128.02, 60.51, 39.53, 36.13, 31.03, 
29.23, 19.60. 
 
O
OH
Br
 
2.77 
1H NMR (500 MHz, Chloroform-d) δ 8.04 (d, J = 8.6 Hz, 2H), 7.63 (t, J = 7.4 Hz, 1H), 7.52 (t, J = 7.7 Hz, 
2H), 5.17 (m, 1H), 3.86 (d, J = 6.1 Hz, 1H), 3.72 (t, J = 6.3 Hz, 1H), 3.49 (t, J = 6.7 Hz, 1H), 2.18 (m, 2H), 
1.99 (m, 1H), 1.60 (m, 9H), 1.23 (d, J = 6.2 Hz, 3H). 
*Contains an impurity 
 
 
 
206 
O
OMs
Br
 
2.78 
1H NMR (500 MHz, Chloroform-d) δ 8.01 (d, J = 7.9 Hz, 2H), 7.61 (t, J = 7.4 Hz, 1H), 7.50 (t, J = 7.7 Hz, 
2H), 5.15 (m, 1H), 4.83 (s, 1H), 3.00 (d, J = 4.1 Hz, 4H), 2.21 (m, 2H), 1.74 (m, 5H), 1.43 (dt, J = 6.4, 1.7 
Hz, 3H). 
*Contains an impurity 
OH
 
2.83 
Yield: 505.8 mg (96%), clear oil. Matched previously reported.168 
OH
 
2.84 
Yield: 401.5 mg (70%), yellow oil. Rf: 0.43 (20% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 7.22 (d, J = 8.1 Hz, 2H), 7.15 (d, J = 7.8 Hz, 2H), 5.77 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 4.98 (dq, J = 
17.1, 1.7 Hz, 2H), 4.93 (ddt, J = 10.2, 2.2, 1.2 Hz, 2H), 4.62 (ddd, J = 7.5, 5.8, 3.1 Hz, 1H), 2.34 (s, 3H), 
2.06 (m, 2H), 1.88 (d, J = 3.2 Hz, 1H), 1.75 (m, 2H), 1.50 (m, 1H), 1.35 (m, 1H).; 13C NMR (126 MHz, 
CDCl3): δ 141.84, 138.59, 137.17, 129.11, 125.83, 114.63, 74.35, 38.41, 33.59, 25.12, 21.10; IR (cm-1): 
3348, 3074, 3020, 2922, 2858, 1639, 1513, 1454, 1030, 908, 816; HRMS (ESI+) calc. [M+Li]+: 197.1518 
m/z, found: 197.1521 m/z 
OH
O  
2.85 
Yield: 102.8 mg (17%), yellow oil. Matched previously reported.169 
OH
O
 
2.86 
Yield: 327.4 mg (53%), yellow oil. Rf: 0.31 (20% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, Chloroform-
d): δ 7.26 (m, 1H), 6.91 (m, 2H), 6.81 (m, 1H), 5.78 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (dq, J = 17.1, 1.6 
Hz, 1H), 4.94 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 4.65 (t, J = 6.5 Hz, 1H), 3.81 (s, 3H), 2.08 (q, J = 7.3 Hz, 2H), 
1.86 (s, 1H), 1.74 (m, 2H), 1.46 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 159.62, 146.65, 138.59, 129.34, 
118.24, 114.62, 112.78, 111.40, 74.23, 55.12, 38.41, 33.56, 25.03. IR (cm-1): 3403, 3074, 2937, 2859, 2853, 
1640, 1600, 1585, 1486,1454, 1435, 1255, 1042, 910, 782; HRMS (ESI+) calc. [M+Li]+: 213.1467 m/z, 
found: 213.1470 m/z 
207 
OH
 
2.87 
Yield: 527.8 mg (78%), white solid. M.P. 48.6-48.9 ⁰C. Rf: 0.43 (20% Ethyl Acetate:Hexanes); 1H NMR 
(500 MHz, Chloroform-d): δ 8.11 (d, J = 8.2 Hz, 1H), 7.87 (m, 1H), 7.78 (d, J = 8.1 Hz, 1H), 7.64 (d, J = 7.1 
Hz, 1H), 7.49 (m, 3H), 5.80 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.48 (dt, J = 7.9, 3.9 Hz, 1H), 5.00 (dd, J = 
17.0, 2.1 Hz, 1H), 4.94 (d, J = 10.2 Hz, 1H), 2.11 (m, 2H), 1.94 (m, 3H), 1.66 (m, 1H), 1.55 (m, 1H).; 13C 
NMR (126 MHz, CDCl3): δ 140.45, 138.58, 133.76, 130.34, 128.85, 127.81, 125.89, 125.44, 125.39, 123.13, 
122.77, 114.65, 71.02, 37.67, 33.56, 25.41.; IR (cm-1): 3359, 3068, 2935, 2857, 1639, 1596, 1510, 1062, 
993, 909, 798, 777; HRMS (ES+) calc. [M+Li]+: 233.1518 m/z, found: 233.1520 m/z. 
OH
 
2.88 
Yield: 534.9 mg (79%), yellow oil. Matched previously reported.170 
OH
Cl  
2.89 
Yield: 392.1 mg (62%), clear oil. Rf: 0.34 (20% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d); δ 7.31 (d, J = 8.6 Hz, 2H), 7.26 (d, J = 8.5 Hz, 2H), 5.77 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (dq, J = 
17.1, 1.6 Hz, 1H), 4.95 (ddt, J = 10.2, 2.2, 1.2 Hz, 2H), 4.64 (t, J = 6.5 Hz, 2H), 2.06 (q, J = 7.3 Hz, 3H), 
2.00 (s, 1H), 1.76 (m, 1H), 1.66 (m, 1H), 1.48 (dd, J = 20.1, 10.7 Hz, 1H), 1.35 (m, 1H).; 13C NMR (126 
MHz, CDCl3): δ 143.20, 138.37, 133.00, 128.48, 127.25, 114.79, 73.67, 38.41, 33.46, 24.87.; IR (cm-1): 
3356, 3076, 2935, 2860, 1640, 1490, 1089, 1029, 992, 910, 756, 630; HRMS (ESI+) calc. [M+Li]+: 
2217.0972 m/z, M+2: 219.0945 m/z, found: 217.0952 m/z, 219.0849 m/z 
OH
Br  
2.90 
Yield: 459.4 mgmg (60%), clear oil. Matched previously reported.171 
N
OH
 
2.91 
1H NMR (500 MHz, Chloroform-d) δ 8.56 (m, 1H), 7.70 (td, J = 7.7, 1.7 Hz, 1H), 7.28 (d, J = 12.5 Hz, 1H), 
7.22 (dd, J = 7.2, 5.1 Hz, 1H), 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (m, 2H), 4.77 (s, 1H), 4.25 (s, 1H), 
2.11 (m, 2H), 1.86 (dddd, J = 13.8, 10.4, 6.8, 4.3 Hz, 1H), 1.71 (m, 1H), 1.56 (m, 2H). 13C NMR (126 MHz, 
CDCl3) δ 162.59, 148.11, 138.60, 136.67, 122.17, 120.31, 114.56, 72.85, 37.86, 33.60, 24.55. 
 
208 
O
 
2.92 
Yield: 464.4 mg (70%), clear oil. Matched previously reported.172  
O
 
2.93 
Yield: 201.6 mg (51%), yellow oil. Matched previously reported.172 
 
O
O  
2.94 
Yield: 206.9 mg (68%), clear oil. Rf: 0.48 (20% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 7.94 (m, 2H), 6.93 (d, J = 8.6 Hz, 2H), 5.83 (td, J = 16.9, 6.7 Hz, 1H), 5.05 (d, J = 17.5 Hz, 1H), 4.99 
(d, J = 10.2 Hz, 1H), 3.87 (s, 3H), 2.93 (m, 19H), 2.15 (q, J = 7.1 Hz, 5H), 1.84 (p, J = 7.4 Hz, 3H).; 13C 
NMR (126 MHz, CDCl3): δ 198.76, 163.34, 138.13, 130.26, 130.15, 115.18, 113.67, 55.42, 37.37, 33.26, 
23.55.; IR (cm-1): 2935, 1674, 1598, 1575, 1253, 1236, 1029, 912, 829; HRMS (ESI+) calc. [M+H]+: 
205.1228 m/z, found: 205.1229 m/z. 
O
O
 
2.95 
Yield: 234.8 mg (72%), clear oil. Rf: 0.54 (20% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 7.54 (dt, J = 7.6, 1.2 Hz, 1H), 7.49 (dd, J = 2.5, 1.6 Hz, 1H), 7.37 (t, J = 7.9 Hz, 1H), 7.10 (ddd, J = 8.2, 
2.7, 0.9 Hz, 1H), 5.83 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.05 (dq, J = 17.1, 1.6 Hz, 2H), 5.00 (ddt, J = 10.2, 
2.1, 1.2 Hz, 2H), 3.86 (s, 3H), 2.97 (t, J = 7.4 Hz, 2H), 2.16 (q, J = 7.1 Hz, 2H), 1.85 (p, J = 7.4 Hz, 2H).; 
13C NMR (126 MHz, CDCl3): δ 199.94, 159.81, 138.43, 138.03, 129.52, 120.64, 119.27, 115.28, 112.33, 
55.38, 37.80, 33.18, 23.36.; IR (cm-1): 3075, 3000, 2938, 2835, 1682, 1640, 1596, 1582, 1450, 1256, 1043, 
912, 784; HRMS (ES+) calc. [M+H]+: 205.1223, found: 205.1232 m/z. 
O
 
2.96 
Yield: 371.2 mg (71%), clear oil. Rf: 0.58 (20% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 8.55 (d, J = 8.5 Hz, 1H), 7.98 (d, J = 8.2 Hz, 1H), 7.86 (dd, J = 17.7, 7.6 Hz, 2H), 7.54 (m, 3H), 5.83 
(ddt, J = 17.0, 10.3, 6.8 Hz, 1H), 5.05 (dt, J = 16.9, 1.6 Hz, 1H), 5.00 (dd, J = 10.2, 1.9 Hz, 1H), 3.06 (t, J = 
7.3 Hz, 2H), 2.19 (q, J = 7.1 Hz, 2H), 1.91 (p, J = 7.4 Hz, 2H).; 13C NMR (126 MHz, CDCl3): δ 204.41, 
137.87, 136.14, 133.81, 132.20, 129.97, 128.26, 127.64, 127.09, 126.25, 125.64, 124.23, 115.22, 41.18, 
33.07, 23.55.; IR (cm-1): 2341, 1678, 1511, 1240, 908, 771; HRMS (ESI+) calc. [M+H]+:225.1279 m/z, 
found: 225.1279 m/z 
209 
O
 
2.97 
Yield: 382.7 mg (73%), white solid. Matched previously reported.172 
O
Cl  
2.98 
Yield: 191.0 mg (66%), clear oil. Rf: 0.68 (20% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d) δ 7.90 (d, J = 8.7 Hz, 2H), 7.43 (d, J = 8.8 Hz, 2H), 5.82 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 5.05 (dq, J = 
17.1, 1.6 Hz, 1H), 5.00 (ddt, J = 10.2, 2.1, 1.2 Hz, 1H), 2.95 (m, 2H), 2.16 (q, J = 7.1 Hz, 2H), 1.85 (p, J = 
7.4 Hz, 2H).;  ; IR (cm-1): 3076, 2976, 2914, 2895, 1683, 1640, 1588, 1571, 1399, 1229, 1200, 1091, 1000, 
910, 820; HRMS (ESI+) calc. [M+H]+: 209.0733 m/z, M+2: 211.0706 m/z, found: 209.0711 m/z, 211.0687 
m/z 
O
Br  
2.99 
Yield: 164.0 mg (39%), yellow oil. Matched previously reported.171  
N
O
 
2.100 
1H NMR (500 MHz, Chloroform-d) δ 8.68 (ddd, J = 4.8, 1.7, 0.9 Hz, 1H), 8.04 (dt, J = 7.9, 1.0 Hz, 1H), 
7.84 (td, J = 7.7, 1.7 Hz, 1H), 7.47 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H), 5.85 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 5.01 
(m, 2H), 3.24 (m, 2H), 2.18 (q, J = 6.9 Hz, 2H), 1.85 (p, J = 7.5 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 
201.87, 153.49, 148.91, 138.24, 136.84, 127.00, 121.72, 115.05, 37.01, 33.27, 23.14. 
O
O  
2.101 
Yield: 165.6 mg (37%), yellow solid. Matched previously reported.173 
O
O  
2.102 
Yield: 244.3 mg (78%), white solid. Matched previously reported.173 
O
OO  
2.103 
210 
Yield: 253.8mg (60%). Clear oil. Matched previously reported.174 
O
O
O
 
2.104 
Yield: 253.8 mg (60%), clear oil. Rf: 0.33 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 7.54 (dt, J = 7.7, 1.2 Hz, 1H), 7.49 (dd, J = 2.6, 1.6 Hz, 1H), 7.37 (t, J = 7.9 Hz, 1H), 7.11 (dd, J = 8.7, 
3.1 Hz, 1H), 3.86 (s, 3H), 3.00 (t, J = 7.0 Hz, 2H), 2.57 (t, J = 7.0 Hz, 2H), 2.16 (s, 3H), 2.01 (p, J = 7.0 Hz, 
2H).; 13C NMR (126 MHz, CDCl3): δ 208.44, 199.56, 159.84, 138.17, 129.59, 120.70, 119.58, 112.25, 55.45, 
42.58, 37.54, 29.96, 18.28; IR (cm-1): 2940, 2836, 1710, 1682, 1596, 1581, 1511, 1462, 1257, 1044; HRMS 
(ESI+) calc. [M+H]+: 221.1178 m/z, found: 221.1181 m/z.  
O
O  
2.105 
Yield: 127.2 mg (32%), clear oil. Rf: 0.57 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, Chloroform-
d): δ 8.60 (m, 1H), 7.98 (dt, J = 8.3, 1.0 Hz, 1H), 7.88 (dd, J = 7.3, 1.2 Hz, 2H), 7.59 (ddd, J = 8.5, 6.8, 1.5 
Hz, 1H), 7.53 (ddd, J = 8.1, 6.9, 1.2 Hz, 1H), 7.49 (dd, J = 8.2, 7.2 Hz, 1H), 3.10 (t, J = 7.1 Hz, 2H), 2.60 (t, 
J = 7.1 Hz, 2H), 2.16 (s, 3H), 2.07 (p, J = 7.1 Hz, 2H).; 13C NMR (126 MHz, CDCl3): δ 208.39, 203.97, 
135.77, 133.97, 132.65, 130.11, 128.44, 127.92, 127.60, 126.43, 125.70, 124.38, 42.61, 40.85, 29.97, 18.66.; 
IR (cm-1): 3048, 2961, 2891, 1711, 1678, 1592, 1507, 1367, 1103, 880, 775; HRMS (ESI+) calc. [M+H]+: 
241.1228 m/z, found: 241. 1228 m/z 
O
O  
2.106 
Yield: 281.4 mg (68%), white solid. Matched previously reported.175 
O
OCl  
2.107 
Yield: 200.4 mg (75%), tan solid. M.P. 85 ⁰C. Rf: 0.57 (35% Ethyl Acetate:Hexanes); 1H NMR (500 MHz, 
Chloroform-d): δ 7.91 (d, J = 8.7 Hz, 2H), 7.44 (d, J = 8.7 Hz, 2H), 2.99 (t, J = 7.0 Hz, 2H), 2.58 (t, J = 6.9 
Hz, 2H), 2.16 (s, 3H), 2.01 (p, J = 7.0 Hz, 2H).; 13C NMR (126 MHz, CDCl3): δ 208.31, 198.43, 139.45, 
135.05, 129.42, 128.86, 42.41, 37.36, 29.91, 18.07.; IR (cm-1): 3076, 2976, 2937, 1707, 1670, 1255, 1090, 
812, 600; HRMS (ESI+) calc. [M+H]+: 225.0682 m/z, M+2: 227.0656 m/z, found: 225.0687 m/z, 227.0657 
m/z. 
O
OBr  
2.108 
Yield: 135.0 mg (71%), white solid. Matched previously reported.176 
 
 
211 
OH
OH
 
2.100-Syn 
Yield: 48.5 mg (62%), white solid. Matched previously reported.177 
OH OH
 
2.110-Anti 
Matched reported literature.177  
 
OH
OH
 
2.111-Syn 
Yield: 82.2 mg (67%), tan solid. M.P. 78 ⁰C. Rf: 0.67 (50% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, 
Chloroform-d): δ 7.39 (d, J = 8.2 Hz, 2H), 7.16 (d, J = 7.9 Hz, 2H), 2.73 (s, 1H), 2.45 (m, 1H), 2.34 (s, 3H), 
2.28 (s, 1H), 2.05 (m, 3H), 1.85 (m, 1H), 1.74 (m, 1H), 1.55 (s, 3H). 13C NMR (126 MHz, CDCl3): δ 139.92, 
136.89, 128.66, 126.20, 83.49, 81.94, 38.22, 35.81, 24.69, 20.98, 18.50.; IR (cm-1): 3368, 3077, 3027, 2976, 
2935, 2860, 1639, 1493, 1453, 1215, 1061, 1027, 994, 911; HRMS (ESI+) calc. [M+Li]+: 213.1467 m/z, 
found: 213.1471 m/z. 
OH
OH
O
 
2.112-Syn 
Yield: 82.7 mg (65%), .Matched previously reported.177 
OH
OH
O
 
2.113-Syn 
Yield: 102.0 mg (73%), white solid, M.P. 53 ⁰C. Rf: 0.52 (50% Ethyl Acetate:Hexanes 1H NMR (500 MHz, 
Chloroform-d): δ 7.08 (m, 1H), 7.06 (m, 1H), 6.83 (ddd, J = 8.2, 2.6, 1.0 Hz, 1H), 6.72 (s, 1H), 3.82 (s, 3H), 
2.83 (s, 1H), 2.46 (m, 1H), 2.22 (s, 1H), 2.06 (m, 3H), 1.87 (m, 1H), 1.75 (m, 1H), 0.96 (d, J = 0.6 Hz, 3H).; 
13C NMR (126 MHz, CDCl3) δ 159.27, 144.75, 128.86, 118.78, 112.72, 112.11, 83.54, 81.95, 77.28, 77.03, 
76.77, 55.21, 38.17, 35.89, 24.68, 18.56. IR (cm-1): 3392, 3295, 2970, 2957, 1599, 1582, 1257, 1015, 995, 
697; HRMS (ESI+) calc. [M+Na]+: 245.1154 m/z, found: 245.1157 m/z. 
212 
OH
OH
 
2.114-Syn 
Yield: 42.3 mg (66%), white solid. M.P. 91 ⁰C. Rf: 0.59 (50% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, 
Chloroform-d): δ 9.01 (dd, J = 8.7, 1.2 Hz, 1H), 7.84 (dd, J = 7.9, 1.7 Hz, 1H), 7.79 (d, J = 8.1 Hz, 1H), 7.55 
(d, J = 7.3 Hz, 1H), 7.47 (m, 2H), 7.40 (m, 1H), 2.84 (s, 1H), 2.82 (s, 1H), 2.76 (dt, J = 13.2, 8.3 Hz, 1H), 
2.24 (dddd, J = 13.2, 8.3, 3.5, 1.4 Hz, 1H), 2.14 (ddd, J = 17.1, 12.2, 8.4 Hz, 1H), 2.05 (m, 1H), 1.93 (dt, J = 
13.5, 8.7 Hz, 1H), 1.81 (m, 1H), 0.99 (s, 3H).; 13C NMR (126 MHz, CDCl3): δ 139.25, 134.89, 132.42, 
129.03, 128.90, 128.41, 125.48, 125.38, 125.28, 124.48, 87.05, 82.16, 41.12, 40.77, 26.16, 20.22; IR (cm-1): 
3389, 3241, 3091, 2972, 2958, 2933, 2879, 1510, 1397, 1366, 1105, 973, 794, 785, 769, 648; HRMS (ESI+): 
calc. [M+Li]+: 249.2537 m/z, found: 249.1465 m/z. 
OH
OH
 
2.115-Syn 
Yield: 37.5 mg (26%), white solid. M.P. 148 ⁰C. Rf: 0.48 (50% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, 
Chloroform-d): δ 7.93 (d, J = 1.5 Hz, 1H), 7.84 (m, 3H), 7.68 (dd, J = 8.7, 1.9 Hz, 1H), 7.48 (m, 2H), 2.95 
(s, 1H), 2.64 (m, 1H), 2.32 (s, 1H), 2.15 (m, 3H), 1.93 (m, 1H), 1.83 (m, 1H), 0.98 (s, 3H).; 13C NMR (126 
MHz, CDCl3) δ 140.50, 132.95, 132.60, 128.23, 127.51, 127.43, 126.03, 125.94, 125.11, 124.77, 83.73, 
82.22, 38.42, 36.03, 24.85, 18.69; IR (cm-1): 3431, 3280, 3053, 2966, 2934, 2873, 1599, 1365, 1102, 815, 
741; HRMS (ESI+) calc. [M+Li]+: 249.1467 m/z, found: 249.1472 m/z 
OH
OH
Br
 
2.117-Syn 
Yield: 15.0 mg (22%), white solid. M.P. 73 ⁰C Rf: 0.63 (50% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, 
Chloroform-d): δ 7.44 (d, J = 8.7 Hz, 2H), 7.31 (d, J = 8.8 Hz, 2H), 2.84 (s, 1H), 2.43 (m, 1H), 2.18 (s, 1H), 
2.05 (m, 3H), 1.86 (m, 1H), 1.74 (m, 1H), 0.93 (s, 3H); 13C NMR (126 MHz, CDCl3): δ 141.56, 133.14, 
128.03, 127.82, 83.27, 81.93, 38.19, 35.95, 24.59, 18.52; IR (cm-1): 3418, 3280, 2957, 2873, 1487, 1367, 
1092, 1012, 969, 823; HRMS (ESI+) calc. [M+Li]+: 277.01416 m/z, M+2: 279.0396 m/z, found: 277.1633 
m/z, 279.1657 m/z. 
OH
OH
Cl
 
2.116-Syn 
Yield: 15.6 mg (15%), white solid. M.P. 82 ⁰C. Rf: 0.52 (50% Ethyl Acetate:Hexanes) 1H NMR (500 MHz, 
Chloroform-d): δ 7.47 (d, J = 8.7 Hz, 2H), 7.38 (d, J = 8.7 Hz, 2H), 2.84 (s, 1H), 2.43 (m, 1H), 2.17 (s, 1H), 
2.06 (m, 3H), 1.86 (m, 1H), 1.76 (m, 1H), 0.93 (s, 3H).13C NMR (126 MHz, CDCl3): δ 142.09, 131.00, 
128.19, 121.35, 83.33, 81.90, 38.19, 35.93, 24.61, 18.53.; IR (cm-1): 3412, 3300, 2966, 2937, 2872, 1486, 
1366, 1039, 813, 600; HRMS (ESI+) calc. [M+H]+:227.0833 m/z, M+2: m/z, found: 227. 1046 m/z, 
229.1424 m/z  
213 
O
OTBS
O
Br
 
1H NMR (500 MHz, Chloroform-d) δ 4.24 (m, 1H), 3.78 (s, 3H), 3.61 (t, J = 6.0 Hz, 2H), 2.06 (m, 2H), 1.53 
(dd, J = 9.4, 6.0 Hz, 3H), 1.42 (m, 1H), 0.89 (s, 9H), 0.04 (s, 6H).  13C NMR (126 MHz, CDCl3) δ 170.35, 
62.62, 52.88, 45.70, 34.74, 31.91, 25.94, 23.81, 18.32, 0.00, -5.31. 
O
OH
O
Br
 
1H NMR (500 MHz, Chloroform-d) δ 4.24 (dd, J = 7.8, 6.9 Hz, 1H), 3.79 (s, 3H), 3.67 (t, J = 6.2 Hz, 2H), 
2.08 (m, 2H), 1.61 (m, 3H), 1.46 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 173.10, 80.07, 79.81, 79.56, 64.94, 
55.69, 48.23, 37.33, 34.46, 26.36. 
O
ODD
D
 
2.118 
1H NMR (500 MHz, Chloroform-d) δ 7.95 (d, J = 7.8 Hz, 2H), 7.55 (s, 1H), 7.46 (t, J = 7.7 Hz, 2H), 3.65 (t, 
J = 6.5 Hz, 2H), 1.76 (m, 2H), 1.62 (dt, J = 14.4, 6.7 Hz, 2H), 1.45 (p, J = 7.5, 6.9 Hz, 2H). HRMS (ESI+) 
calc. [M+Li]+:201.1421 m/z, found: 201.1445 m/z  
O
ODD
Br
 
2.119 
1H NMR (500 MHz, Chloroform-d) δ 8.02 (d, J = 7.3 Hz, 2H), 7.61 (t, J = 7.6 Hz, 1H), 7.50 (t, J = 7.8 Hz, 
2H), 3.70 (q, J = 6.1 Hz, 3H), 3.46 (t, J = 6.7 Hz, 1H), 2.08 (m, 6H), 1.60 (m, 6H). HRMS (ESI+) calc. 
[M+Li]+:278.0463 m/z, M+2: 280.0443 m/z, found: 278.0482 m/z, 280.0465 m/z 
*Contained an impurity 
O
OMsD
Br
 
2.120 
1H NMR (500 MHz, Chloroform-d) δ 8.02 (d, J = 7.3 Hz, 2H), 7.62 (t, J = 7.4 Hz, 1H), 7.51 (t, J = 7.7 Hz, 
2H), 4.27 (m, 3H), 3.46 (t, J = 6.3 Hz, 1H), 3.02 (s, 4H), 2.21 (m, 2H), 1.98 (m, 2H), 1.84 (m, 2H), 1.70 (m, 
1H). HRMS (ESI+) calc. [M+Na]+:373.0023 m/z, M+2: 375.0003 m/z, found: 372.9990 m/z, 375.0001 m/z 
*Contains an impurity 
 
OMs 
2.121 
Matched reported literature.178  
N
OMs OMs 
Matched reported literature.179  
214 
N
I I 
Matched reported literature.180 
 
  
215 
AllylSmBr Reactions 
N
O
O
 
3.1 
Yield: 63%, 511.3 mg, 3.17 mmol. Matched previously reported literature.181  
N
O
O
Bn   
3.2 
Yield: 64%, 761.8 mg, 3.21 mmol. Matched previously reported literature.181  
N
O
O
 
3.3 
Yield: 59%, 549.1 mg, 2.93 mmol. Matched previously reported literature.181  
N
O
O
 
3.4 
Yield: 68%, 629.1 mg, 3.34 mmol. Matched previously reported literature.182  
N
O
O
Tr  
3.5 
Yield: 66%, 514.1 mg, 1.32 mmol. Matched previously reported literature.183 
N
O
O
Piv   
3.6 
Yield: 98%, 3.3234 g, 13.2 mmol. Matched previously reported literature. 184 
216 
N
O
O
O
 
3.7 
Yield: 78%, 388.8 mg, 1.55 mmol. Matched previously reported literature.185 
N
O
O
Ts  
3.8 
Yield: 33%, 987.1 mg, 3.28 mmol. Yellow solid, M.P. 206.7-207.9 °C. Rf:0.41 (35% Ethyl 
Acetate:Hexanes). 1H NMR (500 MHz, Chloroform-d) δ 8.08 (dt, J = 8.2, 0.8 Hz, 1H), 8.01 (m, 2H), 7.73 
(m, 2H), 7.36 (m, 2H), 7.30 (td, J = 7.6, 0.8 Hz, 1H), 2.44 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 179.05, 
155.65, 147.64, 146.58, 139.27, 134.61, 130.14, 128.06, 126.01, 125.82, 118.91, 115.26, 21.77. IR (cm-1) 
3466.36, 3073.44, 2922.77, 1786.56, 1742.70, 1603.85, 1590.24, 1477.41, 1397.54, 1187.49, 1174.66, 
1085.44, 934.78, 760.49, 701.23, 678.84. HRMS (ESI+) (m/z): [M-H]+ calc. 302.0487, found 302.0487 
N
O
O
Ac  
3.9 
Yield: 81%, 306.1 mg, 1.62 mmol. Matched previously reported literature.186 
N
O
O
Boc  
3.10 
Yield: 37%, 457.4 mg, 1.85 mmol. Matched previously reported literature.186 
N
O
O
 
3.11 
Yield: 47%, 209.3 mg, 0.938 mmol. Matched previously reported literature.187 
 
 
217 
N
O
O
N
+
O
-
O
 
3.12 
Yield: 70%, 144.2 mg, 0.699 mmol. Matched previously reported literature. 188 
N
O
O
Br
 
3.13 
Yield: 56%, 135.3 mg, 0.564 mmol. Matched previously reported literature. 188 
N
O
O
O
 
3.14 
1H NMR (500 MHz, Chloroform-d) δ 7.38 (td, J = 7.4, 6.9, 1.4 Hz, 2H), 7.09 (m, 1H), 6.80 (d, J = 8.4 Hz, 
1H), 4.59 (m, 2H), 4.32 (m, 2H), 3.13 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 173.16, 144.62, 131.61, 
124.60, 123.93, 123.15, 108.62, 102.11, 65.74, 25.68. 
N
O
O
O
 
3.15 
1H NMR (500 MHz, Chloroform-d) δ 7.41 (d, J = 8.0 Hz, 1H), 7.35 (td, J = 7.8, 1.2 Hz, 1H), 7.08 (m, 1H), 
6.82 (d, J = 7.8 Hz, 1H), 3.95 (dq, J = 9.2, 7.1 Hz, 2H), 3.80 (dq, J = 9.2, 7.1 Hz, 2H), 3.17 (s, 3H), 1.23 (t, 
J = 7.1 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 171.15, 143.26, 130.47, 125.66, 124.66, 122.64, 108.66, 
96.95, 58.79, 25.81, 15.28. 
N
OH
O
 
3.16 
Yield: 78%, 39.6 mg, 0.195 mmol. Matched previously reported literature.189  
N
O
 
3.17 
Yield: 40%, 18.7 mg, 0.100 mmol. Matched previously reported literature.190 
 
218 
N
O
OH
O2N
 
3.18 
Yield: 20%, 12.2 mg, 0.050 mmol. Tan Solid. M.P. 186.5-187.5 ⁰C. Rf:0.43 (35% Ethyl Acetate:Hexanes). 
1H NMR (500 MHz, DMSO-d6) δ 8.31 (dd, J = 8.7, 2.4 Hz, 1H), 8.16 (d, J = 2.4 Hz, 1H), 7.24 (d, J = 8.7 
Hz, 1H), 6.43 (s,1), 5.47 (m, 1H), 4.97 (m, 2H), 3.18 (s, 3H), 2.76 (dd, J = 13.9, 7.2 Hz, 2H). 13C NMR (126 
MHz, DMSO) δ 177.84, 149.62, 143.05, 132.30, 131.36, 126.84, 120.27, 119.68, 109.27, 75.21, 41.99, 
26.73.IR (cm-1) 3324.89, 3086.73, 2979.86, 1708.69, 1615.48, 1517.92, 1491.03, 1466.15, 1372.81, 1333.03, 
1126.73, 1063.95, 999.93, 945.47, 895.23, 782.55, 686.35. HRMS (ESI-) (m/z): [M-Cl]- calc. 283.0486, 
found 283.0486. 
N
O
OH
Br
 
3.19 
Yield: 48%, 33.9 mg, 0.120 mmol. Matched previously reported literature.191 
N
O
OH
  
3.20 
Yield: 47%, 26.9 mg, 0.117 mmol. Yellow oil. Rf:0.30 (35% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.40 (ddd, J = 7.4, 1.3, 0.6 Hz, 1H), 7.29 (td, J = 7.8, 1.3 Hz, 1H), 7.10 (td, J = 7.5, 1.0 Hz, 
1H), 6.82 (dt, J = 8.0, 0.8 Hz, 1H), 5.81 (ddt, J = 17.2, 10.4, 5.2 Hz, 1H), 5.63 (dddd, J = 17.1, 10.1, 8.4, 6.4 
Hz, 1H), 5.23 (m, 2H), 5.11 (m, 2H), 4.31 (dddt, J = 116.5, 16.4, 5.4, 1.7 Hz, 2H), 2.93 (s, 1H), 2.70 (m, 2H). 
13C NMR (126 MHz, CDCl3) δ 177.25, 142.55, 131.09, 130.41, 129.65, 129.49, 124.10, 122.99, 120.63, 
117.69, 109.34, 75.73, 43.05, 42.33. IR (cm-1) 3305.44, 3081.45, 2980.66, 2931.10, 1689.38, 1642.29, 
1614.56, 1468.41, 1373.30, 1188.46, 1077.53, 983.45, 933.26, 780.42, 672.99. HRMS (ESI+) (m/z): [M-
Li]+ calc. 236.1263, found 236.1263. 
219 
N
O
OH
 
3.21 
Yield: 59%, 33.3 mg, 0.147 mmol. Orange solid. M.P. 122.6-124.6 °C. Rf:0.30 (Ethyl Acetate:Hexanes). 1H 
NMR (500 MHz, Chloroform-d) δ 7.41 (ddd, J = 7.4, 1.3, 0.6 Hz, 1H), 7.36 (td, J = 7.8, 1.3 Hz, 1H), 7.14 
(td, J = 7.6, 1.0 Hz, 1H), 7.06 (dt, J = 7.9, 0.8 Hz, 1H), 5.67 (dddd, J = 16.8, 10.2, 8.4, 6.4 Hz, 1H), 5.13 (m, 
2H), 4.46 (m, 2H), 2.68 (m, 3H), 2.24 (t, J = 2.5 Hz, 1H). 13C NMR (126 MHz, CD3CN) δ 176.65, 141.45, 
130.20, 129.78, 129.51, 124.25, 124.22, 123.44, 120.83, 109.50, 75.74, 72.58, 43.03, 29.34. IR (cm-1) 
3282.41, 3263.60, 3082.96, 2919.17, 2849.49, 2123.34, 1698.69, 1643.77, 1615.07, 1466.12, 1365.58, 
1180.23, 1092.86, 993.91, 920.93, 751.41, 706.42, 678.77. HRMS (ESI+) (m/z): [M-Li]+ calc. 234.1107, 
found 234.1107.  
N
OH
O
Bn  
3.22 
Yield: 54%, 37.7 mg, 0.135 mmol. Matched previously reported literature.189 
N
O
OH
 
3.23 
Yield: 76%, 50.1 mg, 0.189 mmol. Matched previously reported literature.189 
N
O
OH
Tr  
3.24 
Yield: 75%, 80.5 mg, 0.187 mmol. Yellow Oil. Rf:0.47 (35% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.44 (m, 5H), 7.36 (m, 1H), 7.26 (m, 10H), 6.99 (td, J = 7.5, 1.0 Hz, 1H), 6.93 (td, J = 7.9, 
1.6 Hz, 1H), 6.32 (dt, J = 8.1, 0.7 Hz, 1H), 5.72 (dddd, J = 16.6, 10.2, 8.5, 6.2 Hz, 1H), 5.20 (m, 2H), 2.77 
(m, 2H), 2.69 (s, 1H).  13C NMR (126 MHz, CDCl3) δ 179.76, 143.03, 141.78, 130.89, 129.87, 129.35, 
128.07, 127.66, 126.96, 123.31, 122.54, 120.38, 116.15, 75.52, 74.57, 44.15. IR (cm-1) 3318.40, 3054.81, 
2980.70, 1706.86, 1639.21, 1609.38, 1490.70, 1463.90, 1323.00, 1296.60, 1188.97, 1108.85, 823.77, 734.16, 
699.11, 641.06. HRMS (ESI+) (m/z): [M-H]+ calc. 432.1964, found 432.1964.  
220 
N
O
OH
Ts  
3.25 
Yield: 19%, 16.3 mg, 0.048 mmol. Tan solid. M.P. 132.6-135.1 ⁰C. Rf:0.43 (35% Ethyl Acetate:Hexanes). 
1H NMR (500 MHz, Chloroform-d) δ 7.97 (d, J = 8.4 Hz, 2H), 7.91 (d, J = 8.2 Hz, 1H), 7.39 (m, 2H), 7.32 
(d, J = 8.0 Hz, 2H), 7.22 (td, J = 7.6, 0.9 Hz, 1H), 5.47 (m, 1H), 5.02 (m, 2H), 2.66 (s, 1H), 2.59 (m, 2H), 
2.42 (s, 3H). 13C NMR (126 MHz, CDCl3) δ 176.06, 145.83, 138.65, 134.99, 130.43, 129.79, 129.07, 128.58, 
127.97, 125.25, 124.34, 121.53, 113.73, 75.63, 43.73, 21.68. IR (cm-1) 3399.21, 3089.39, 2980.93, 2959.22, 
2921.39, 2851.59, 1726.07, 1608.22, 1594.94, 1464.23, 1363.44, 1228.20, 1160.08, 1101.66, 1087.11, 
993.50, 927.27, 781.01, 688.79. HRMS (ESI-) (m/z): [M-] calc. 342.0800, found 342.0800. 
N
O
Ac
OH
 
3.26 
Yield: 9%, 5.0 mg, 0.022 mmol. Matched previously reported literature.192 
N
H
OH
O
 
3.27 
Yield: 54%, 25.5 mg, 0.135 mmol. Matched previously reported literature.193  
N
O
Br
 
3.28 
Yield: 12%, 8.3 mg, 0.031 mmol. Yellow oil. Rf:0.26 (20% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.40 (m, 2H), 6.70 (m, 1H), 5.73 (dddd, J = 16.9, 10.2, 8.0, 6.0 Hz, 1H), 5.10 (m, 2H), 3.49 
(dd, J = 7.7, 4.9 Hz, 1H), 3.18 (s, 3H), 2.81 (dddt, J = 14.1, 6.3, 4.8, 1.6 Hz, 1H), 2.54 (m, 1H). 13C NMR 
(126 MHz, CDCl3) δ 176.50, 143.38, 133.53, 130.81, 130.68, 127.35, 118.45, 114.93, 109.29, 45.13, 34.73, 
26.25. IR (cm-1) 3076.62, 2919.92, 1710.00, 1640.99, 1606.74, 1486.95, 1464.42, 1425.96, 1363.74, 
1341.87, 1267.45, 1246.52, 1092.98, 1058.07, 994.63, 918.64, 807.06, 632.87. HRMS (ESI+) (m/z): [M-H]+ 
calc. 272.0262, 274.0243, found 272.0262, 274.0243. 
221 
N
O
 
3.29 
Yield: 70%, 37.3 mg, 0.175 mmol. Yellow oil. Rf:0.45 (20% Ethyl Acetate:Hexanes).  1H NMR (500 MHz, 
Chloroform-d) δ 7.31 (dq, J = 7.4, 1.1 Hz, 1H), 7.26 (tt, J = 7.8, 1.1 Hz, 1H), 7.05 (td, J = 7.5, 1.0 Hz, 1H), 
6.84 (m, 1H), 5.83 (m, 1H), 5.75 (m, 1H), 5.23 (m, 2H), 5.09 (m, 2H), 4.37 (m, 2H), 3.56 (dd, J = 7.5, 4.8 
Hz, 1H), 2.86 (m, 1H), 2.62 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 176.88, 143.48, 133.90, 131.46, 128.58, 
127.83, 124.18, 122.18, 118.09, 117.36, 108.82, 45.17, 42.22, 34.92. IR (cm-1) 3078.94, 2921.43, 1708.06, 
1644.23, 1610.67, 1487.60, 1466.07, 1357.89, 1181.12, 1098.91, 987.96, 921.64, 751.39, 669.31. HRMS 
(ESI+) (m/z): [M-Li]+ calc. 220.1314, found 220.1314.  
N
O
 
3.30 
Yield: 15%, 7.9 mg, 0.037 mmol. Yellow-brown oil. Rf:0.42 (20% Ethyl Acetate:Hexanes). 1H NMR (500 
MHz, Chloroform-d) δ 7.33 (m, 2H), 7.08 (m, 2H), 5.77 (dddd, J = 16.8, 10.1, 8.0, 6.1 Hz, 1H), 5.12 (m, 
2H), 4.51 (m, 2H), 3.56 (dd, J = 7.5, 5.0 Hz, 1H), 2.86 (m, 1H), 2.60 (dt, J = 15.3, 7.8 Hz, 1H), 2.24 (t, J = 
2.5 Hz, 1H). 13C NMR (126 MHz, CDCl3) δ 176.20, 142.35, 133.80, 128.44, 127.95, 124.28, 122.62, 118.12, 
108.96, 72.10, 45.07, 34.89, 29.12. IR (cm-1) 3298.49, 3014.41, 2927.63, 2123.38, 1709.11, 1612.47, 
1487.85, 1466.86, 1357.54, 1177.76, 1099.11, 927.29, 748.34, 666.96. HRMS (ESI+) (m/z): [M-Li]+ calc. 
218.1158 found  218.1158. 
N
O
Bn  
3.31 
 Yield: 78%, 50.7 mg, 0.193 mmol. Matched previously reported literature.194 
 
 
 
222 
N
O
 
3.32 
Yield: 47%, 29.3 mg, 0.118 mmol. Yellow oil. Rf:0.55 (20% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.55 (m, 2H), 7.41 (m, 4H), 7.23 (m, 1H), 7.10 (td, J = 7.5, 1.0 Hz, 1H), 6.83 (d, J = 7.9 Hz, 
1H), 5.83 (dddd, J = 16.9, 10.1, 8.1, 6.0 Hz, 1H), 5.17 (m, 2H), 3.72 (s,1H), 2.84 (d, J = 95.0 Hz, 2H). 13C 
NMR (126 MHz, CDCl3) δ 176.60, 144.36, 134.60, 133.79, 129.59, 128.43, 128.01, 127.86, 126.65, 124.43, 
122.69, 118.29, 109.25, 77.26, 77.01, 76.76, 45.38, 35.25. IR (cm-1) 3060.64, 2977.60, 1720.06, 1611.16, 
1594.52, 1499.62, 1481.02, 1464.98, 1372.60, 1326.23, 1302.05, 1228.39, 1175.28, 1109.64, 1026.47, 
921.61, 752.85, 699.05. HRMS (ESI+) (m/z): [M-Li]+ calc. 256.1314, found 256.1311. 
N
O
Tr  
3.33 
Yield: 21%, 12.5 mg, 0.030 mmol. Yellow solid, M.P. 171.9-173.5 ⁰C. Rf:0.57 (20% Ethyl 
Acetate:Hexanes).   1H NMR (500 MHz, Chloroform-d) δ 7.44 (m, 6H), 7.22 (m, 10H), 6.88 (m, 2H), 6.24 
(m, 1H), 5.56 (m, 1H), 4.99 (m, 2H), 3.55 (m, 1H), 2.77 (dddt, J = 14.1, 6.4, 5.0, 1.5 Hz, 1H), 2.65 (m, 1H). 
13C NMR (126 MHz, CDCl3) δ 178.16, 143.92, 142.22, 133.89, 129.31, 128.92, 127.53, 126.72, 126.30, 
123.46, 121.67, 118.02, 115.62, 74.38, 45.71, 34.91. IR (cm-1) 3055.68, 3021.34, 2921.96, 1721.51, 1640.01, 
1606.38, 1595.00, 1490.71, 1477.98, 1462.74, 1315.77, 1155.40, 1097.60, 1031.99, 1001.43, 917.56, 746.14, 
703.12, 667.99. HRMS (ESI+) (m/z): [M-Li]+ calc. 422.2097, found 422.2094.  
N
O
 
3.34 
Yield: 81%, 1.1954 g, 8.12 mmol. Matched previously reported literature.195 
N
O
Boc  
3.35 
Yield: 96%, 1.1206g, 4.80 mmol. Matched previously reported literature.196 
N
O
Ac   
3.36 
Yield: 48%, 169.1 mg, 0.965 mmol. Matched previously reported literature.197 
223 
N
O
 
3.37 
Yield: 82%, 280.6 mg, 1.62 mmol. Matched previously reported literature.198 
N
O
  
3.38 
Yield: 54%, 92.2 mg, 0.539 mmol. Matched previously reported literature.199 
N
O
Bn  
3.39 
Yield: 92%, 660.2 mg, 2.96 mmol. Matched previously reported literature.198  
N
O
 
3.40 
Yield: 75%, 135.2 mg, 0.649 mmol. Matched previously reported literature.200  
N
O
Tr  
3.41 
Yield: 30%, 125.7 mg, 0.335 mmol. Yellow-orange solid. M.P. 189.7-190.7 ⁰C. Rf:0.41 (20% Ethyl 
Acetate:Hexanes). 1H NMR (500 MHz, Chloroform-d) δ 7.49 (d, J = 8.2 Hz, 6H), 7.28 (s, 10H), 6.91 (m, 
2H), 6.24 (dd, J = 7.8, 1.4 Hz, 1H), 3.59 (s, 2H).  13C NMR (126 MHz, CDCl3) δ 175.92, 144.80, 142.28, 
129.27, 127.63, 126.78, 126.27, 125.08, 123.81, 121.72, 115.65, 74.37, 36.97. IR (cm-1) 3055.13, 2922.84, 
1721.13, 1606.48, 1593.57, 1489.12, 1461.73, 1448.66, 1308.16, 1270.75, 1151.63, 1031.31, 744.86, 705.47, 
633.21. HRMS (ESI+) (m/z): [M-Li]+ calc. 382.1784, found 382.1785. 
N
 
3.42 
Yield: 77%, 33.0 mg, 0.193 mmol. Matched previously reported literature.201 
224 
N
 
3.43 
Yield: 37%, 18.3 mg, 0.093 mmol. Yellow oil. Rf:0.63 (10% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.55 (dt, J = 7.8, 1.0 Hz, 1H), 7.25 (m, 1H), 7.14 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.07 (ddd, 
J = 8.0, 7.0, 1.1 Hz, 1H), 6.31 (d, J = 0.9 Hz, 1H), 6.02 (ddt, J = 17.1, 10.1, 6.3 Hz, 1H), 5.92 (ddt, J = 17.1, 
10.4, 4.7 Hz, 1H), 5.13 (m, 3H), 4.84 (dtd, J = 17.1, 1.9, 1.1 Hz, 1H), 4.69 (dt, J = 4.7, 1.9 Hz, 2H), 3.50 (dq, 
J = 6.3, 1.3 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 138.31, 137.01, 134.87, 133.49, 127.99, 120.83, 119.97, 
119.41, 116.83, 116.18, 109.21, 100.32, 45.33, 31.31. IR (cm-1) 3080.26, 2923.28, 2849.73, 1645.28, 
16414.15, 1545.24, 1462.40, 1404.57, 1315.81, 1254.46, 1165.15. HRMS (ESI+) (m/z): [M-H]+ calc. 
198.1283, found 198.1259.  
N
 
3.44 
Yield: 69%, 33.6 mg, 0.712 mmol. Yellow oil. Rf:0.47 (10% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.54 (d, J = 7.8 Hz, 1H), 7.36 (m, 1H), 7.19 (m, 1H), 7.10 (m, 1H), 6.31 (s, 1H), 6.03 (ddt, 
J = 16.3, 10.1, 6.1 Hz, 1H), 5.16 (m, 2H), 4.79 (d, J = 2.5 Hz, 2H), 3.58 (m, 2H), 2.24 (t, J = 2.5 Hz, 1H). 
13C NMR (126 MHz, CDCl3) δ 137.62, 136.74, 134.52, 128.16, 121.24, 120.15, 119.88, 117.09, 109.02, 
101.24, 78.32, 72.26, 32.47, 31.27. IR (cm-1) 3292.32, 3079.78, 3058.63, 2981.01, 2924.22, 2122.68, 
1642.99, 1614.97, 1547.96, 1461.54, 1341.45, 1314.02, 1163.35, 921.99, 747.23, 668.24. HRMS (ESI+) 
(m/z): [M-H]+ calc. 196.1126, found 126.1114.  
N
 
3.45 
Yield: 63%, 38.7 mg, 0.156 mmol. Yellow oil. Rf:0.56 (10% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.59 (m, 1H), 7.23 (m, 4H), 7.10 (m, 2H), 6.94 (dq, J = 7.0, 1.0 Hz, 2H), 6.37 (m, 1H), 5.98 
(ddt, J = 17.1, 10.1, 6.3 Hz, 1H), 5.31 (s, 2H), 5.10 (m, 2H), 3.44 (dq, J = 6.3, 1.3 Hz, 2H). 13C NMR (126 
MHz, CDCl3) δ 138.52, 137.89, 137.41, 134.68, 128.71, 128.04, 127.21, 125.90, 121.04, 120.01, 119.56, 
116.89, 109.31, 100.66, 46.43, 31.43 IR (cm-1) 3059.44, 3030.27, 2979.56, 2925.35, 1668.49, 1643.35, 
1612.70, 1545.61, 1462.39, 1452.75, 1403.86, 1353.82, 1315.67, 1076.24, 993.69, 918.63, 778.69, 749.12, 
732.37, 695.00. HRMS (ESI+) (m/z): [M-H]+ calc. 248.1439, found 248.1411. 
225 
N
 
3.46 
Yield: 52%, 30.6 mg, 0.131 mmol. Yellow oil. Rf:0.63 (10% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.59 (dd, J = 6.1, 2.3 Hz, 1H), 7.51 (m, 2H), 7.44 (m, 1H), 7.35 (m, 2H), 7.10 (m, 3H), 6.44 
(s, 1H), 5.90 (ddt, J = 16.7, 10.1, 6.5 Hz, 1H), 5.02 (m, 2H), 3.38 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 
139.15, 138.38, 137.79, 134.73, 129.38, 128.26, 128.02, 127.87, 121.30, 120.04, 119.83, 116.71, 110.10, 
101.23, 31.68. IR (cm-1) 3057.35, 2980.95, 1611.52, 1595.05, 1478.99, 1455.57, 1366.75, 1319.06, 1214.10, 
1151.27, 1073.68, 1016.82, 749.24, 698.77. HRMS (ESI+) (m/z): [M-H]+ calc. 234.1283, found 234.1286. 
N
 
3.47 
Yield: 31%, 21.2 mg, 0.078 mmol. Tan solid. M.P. 111.2-113.5 ⁰C. Rf:0.45 (20% Ethyl Acetate:Hexanes). 
1H NMR (500 MHz, Chloroform-d) δ 7.38 (dd, J = 8.1, 1.1 Hz, 1H), 7.21 (m, 2H), 7.17 (td, J = 7.7, 1.6 Hz, 
1H), 7.12 (dd, J = 7.5, 1.5 Hz, 1H), 6.96 (dd, J = 8.6, 1.1 Hz, 2H), 6.90 (td, J = 7.4, 1.2 Hz, 1H), 6.83 (tt, J = 
7.4, 1.1 Hz, 1H), 5.90 (dddd, J = 17.1, 10.2, 8.0, 6.9 Hz, 2H), 5.18 (m, 4H), 2.85 (s, 2H), 2.37 (dd, J = 13.8, 
6.9 Hz, 2H), 2.23 (dd, J = 13.8, 8.0 Hz, 2H). 13C NMR (126 MHz, CDCl3) δ 144.39, 143.04, 133.28, 133.01, 
129.21, 128.02, 127.38, 121.00, 119.58, 119.55, 119.22, 116.82, 76.03, 43.86, 41.73. IR (cm-1) 2980.91, 
2970.57, 1612.23, 1593.91, 1501.39, 1481.24, 1464.23, 1367.98, 1239.68, 1170.46. HRMS (ESI+) (m/z): 
[M-H]+ calc. 276.1752, found 276.1752. 
N
Boc  
3.48 
Yield: 51%, 32.8 mg, 0.128 mmol. Matched previously reported literature.202 
N
Boc
 
3.49 
Yield: 44%, 22.3 mg, 0.074 mmol. Clear oil. Rf:0.24 (10% Ethyl Acetate:Hexanes).1H NMR (500 MHz, 
Chloroform-d) δ 7.24 (m, 4H), 5.87 (dddd, J = 16.7, 10.3, 8.3, 6.3 Hz, 2H), 5.20 (m, 4H), 2.94 (s, 2H), 2.39 
(ddd, J = 89.4, 14.2, 7.3 Hz, 4H), 1.49 (s, 9H). 13C NMR (126 MHz, CDCl3) δ 151.36, 150.53, 137.78, 
132.06, 129.70, 127.38, 126.73, 119.78, 91.07, 83.96, 41.54, 38.66, 29.70, 27.85. IR (cm-1) 3078.10, 
2979.99, 2924.26, 2582.26, 1787.66, 1745.90, 1641.26, 1494.20, 1458.99, 1393.82, 1299.31, 1231.61, 
1151.46, 1065.69, 989.71, 918.71, 848.45, 753.20. HRMS (ESI+) (m/z): [M-Li]+ calc. 306.2046, found 
306.2047. 
N
H  
3.50 
226 
Yield: 21%, 8.2 mg, 0.052 mmol. Matched previously reported literature.203 
N
H
 
Yield: 50%, 25.2 mg, 0.126 mmol. Matched previously reported literature.204 
O
N
O
O
 
3.53 
Yield: 62%, 552.2 mg, 3.12 mmol. Matched previously reported literature.205  
O
N
O
O
 
3.54 
Yield: 44%, 442.5 mg, 2.18 mmol. Matched previously reported literature.206 
O
N
O
O
 
3.55 
Yield: 43%, 428.8 mg, 2.13 mmol. Matched previously reported literature.206  
O
N
O
O
 
3.56 
Yield: 35%, 447.4 mg, 1.77 mmol. Matched previously reported literature.207  
NH
OH
 
3.57 
Yield: 18%, 9.8 mg, 0.045 mmol. Yellow oil. Rf:0.23 (10% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.20 (t, J = 8.4 Hz, 1H), 7.05 (d, J = 9.1 Hz, 1H), 6.66 (m, 2H), 5.78 (ddt, J = 14.6, 10.3, 
227 
7.4 Hz, 2H), 5.16 (m, 4H), 2.84 (s, 3H), 2.75 (ddd, J = 53.8, 14.0, 7.3 Hz, 4H. 13C NMR (126 MHz, CDCl3) 
δ 148.90, 133.83, 128.51, 126.89, 126.30, 119.31, 115.42, 111.12, 77.40, 43.47, 30.42. IR (cm-1) 3534.65, 
3402.87, 3073.92, 2978.27, 2923.21, 2860.52, 2811.09, 1638.39, 1602.81, 1580.53, 1515.24, 1462.40, 
1438.09, 1425.39, 1316.78, 1256.08, 1172.90, 1121.32, 1066.55, 1027.02, 997.68, 976.59, 914.91, 853.68, 
744.90, 695.05, 634.50. HRMS (ESI+) (m/z): [M-H]+ calc. 218.1545, found 218.1543. 
NH
OH
 
3.58 
Yield: 25%, 15.4 mg, 0.063 mmol. Yellow oil. Rf:0.34 (10% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.13 (m, 1H), 7.03 (dd, J = 7.6, 1.3 Hz, 1H), 6.63 (t, J = 7.9 Hz, 2H), 5.98 (ddt, J = 17.2, 
10.3, 5.1 Hz, 1H), 5.76 (m, 2H), 5.28 (dq, J = 17.2, 1.7 Hz, 1H), 5.14 (m, 5H), 3.78 (m, 2H), 2.74 (m, 4H). 
13C NMR (126 MHz, CDCl3) δ 147.60, 135.68, 133.80, 128.39, 126.99, 126.47, 119.37, 115.75, 115.49, 
112.05, 77.41, 46.14, 43.49. IR (cm-1) 3535.96, 3390.60, 3076.08, 2979.59, 2924.61, 1639.07, 1602.77, 
1581.18, 1514.63, 1458.20, 1440.36, 1416.31, 1319.80, 1260.51, 1166.39, 1025.77, 997.33, 915.22, 745.31, 
668.14. HRMS (ESI+) (m/z): [M-H]+ calc. 244.1701, found 244.1073 
NH
OH
 
3.59 
Yield: 25%, 14.9 mg, 0.062 mmol. Yellow oil. Rf:0.26 (10% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.19 (m, 1H), 7.05 (dd, J = 7.8, 1.4 Hz, 1H), 6.76 (d, J = 8.2 Hz, 1H), 6.70 (m, 1H), 5.74 
(m, 2H), 5.14 (m, 4H), 3.94 (d, J = 2.4 Hz, 2H), 2.73 (ddd, J = 55.9, 14.0, 7.3 Hz, 4H), 2.18 (t, J = 2.4 Hz, 
1H). 13C NMR (126 MHz, CDCl3) δ 146.69, 133.66, 128.40, 127.40, 127.08, 119.49, 116.84, 112.50, 81.60, 
77.41, 70.69, 43.62, 33.23. IR (cm-1) 3528.84, 3379.35, 3297.07, 3074.64, 2978.71, 2922.88, 2120.38, 
1638.70, 1603.18, 1581.28, 1512.29, 1457.70, 1142.02, 1315.88, 1258.21, 1027.23, 997.96, 916.82, 747.22, 
642.40. HRMS (ESI+) (m/z): [M-H]+ calc. 242.1545, found 242.1541 
NH
OH
 
3.60 
Yield: 26%, 19.3 mg, 0.066 mmol. Yellow oil. Rf:0.33 (10% Ethyl Acetate:Hexanes). 1H NMR (500 MHz, 
Chloroform-d) δ 7.34 (dt, J = 15.1, 7.4 Hz, 4H), 7.25 (m, 1H), 7.10 (td, J = 7.9, 1.5 Hz, 1H), 7.05 (m, 1H), 
6.63 (t, J = 7.5 Hz, 2H), 5.78 (m, 2H), 5.15 (m, 4H), 4.35 (s, 2H), 2.76 (m, 4H). 13C NMR (126 MHz, CDCl3) 
228 
δ 147.60, 139.88, 133.77, 128.54, 128.46, 127.23, 126.98, 126.89, 126.48, 119.43, 115.85, 112.08, 77.42, 
47.96, 43.48. IR (cm-1) 3535.77, 3391.56, 3073.89, 3029.50, 2978.33, 2924.31, 2850.13, 1601.64, 1580.77, 
1514.17, 1460.35, 1435.66, 1360.67, 1322.29, 1293.68, 1166.59, 1027.78, 997.82, 916.36, 745.14, 697.03. 
HRMS (ESI+) (m/z): [M-H]+ calc. 294.1858, found 294.1859.  
229 
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